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ABSTRACT OF DISSERTATION 
 
MICROFILTRATION MEMBRANE PORE FUNCTIONALIZATION 
APPROACHES FOR CHLORO-ORGANIC REMEDIATION TO HEAVY 
METAL SORPTION 
 
Microfiltration polyvinylidene fluoride (PVDF) membranes have distinct 
advantage for open structure in terms of high internal surface area and ease of access in the 
pore domain. Functionalization of PVDF membranes with different functional groups (-
COOH, -OH, -SH) enables responsive (pH, temperature) properties to membrane, tuning 
of effective pore size, controlling permeate flux. PVDF microfiltration membrane 
functionalization with suitable responsive polymer such as poly acrylic acid (PAA) to 
incorporate carboxyl (-COOH) group enables further modification of functionalized PAA-
PVDF membranes for different application ranging from catalysis, bio reactor to heavy 
metal sorption platform. As a catalytic reactor bed, this PAA-PVDF membranes are very 
desirable platform for in-situ synthesis of catalytic nanoparticles for conducting a wide 
range of reactions. As a bio reactor, PAA-PVDF membrane with a net charge have been 
used to electrostatically immobilize enzymes for conducting catalytic reactions. 
Functionalization of PVDF membrane also allow for the development of high capacity 
heavy metal sorbents by modifying existing functional groups (-COOH) to other functional 
groups (-SH) to adsorb heavy metal cations from contaminated water. 
Hydrophilic polymers with carboxylic (-COOH) groups are studied in different 
functionalization processes especially in preparation of responsive (pH) membranes. To 
understand the role of membrane pore polymerization condition on the properties of 
functionalized membrane a systematic study has been conducted, specifically, the effects 
of polymerization on the membrane mass gain, water permeability, Pd-Fe nanoparticle 
(NP) loading, of pore functionalized polyvinylidene fluoride (PVDF) membranes. In this 
study, monomer (acrylic acid (AA)) and cross-linker (N, N′- methylene-bis (acrylamide)) 
concentrations were varied from 10 to 20 wt% of polymer solution and 0.5-2 mol% of 
monomer concentration, respectively. Results showed that responsive behavior of 
membrane could be tuned in terms of water permeability over a range of 270-1 Lm-2 h-1 
bar-1, which is a function of water pH. The NP size on the membrane surface was found in 
the range of 16-23 nm. NP loading was found to vary from 0.21 to 0.94 mg per cm2 of 
membrane area depending on the variation of available carboxyl groups in membrane pore 
domain. 
The NPs functionalized membranes were then tested as a platform for the 
degradation of 3,3',4,4',5-pentachlorobiphenyl (PCB 126) and understand the effect of NP 
loading of the rate of degradation of PCB 126. The observed batch reaction rate (Kobs) for 
PCB 126 degradation for per mg of catalyst loading was found 0.08-0.1 h-1. Degradation 
     
 
study in convective flow mode shows 98.6% PCB 126 is degraded at a residence time of 
46.2 s. The corresponding surface area normalized reaction rate (Ksa) is found about two 
times higher than Ksa of batch degradation; suggesting elimination of the effect of diffusion 
resistance for degradation of PCB 126 in convective flow mode operation. 
A layer-by-layer approach to immobilize laccase enzyme into PAA functionalized 
PVDF microfiltration membranes for degradation of 2,4,6-trichlorophenol (TCP) from 
water was demonstrated to offer bioinspired remediation. Over 80% of the initial TCP was 
degraded at optimum flow rate under an applied air pressure of about 0.7 bar or lower. This 
corresponds to degrading a substantial amount of the initial substrate in only 36 seconds 
residence time, which in a batch reaction take hours. This, in fact, demonstrates an energy 
efficient flow through system with potential large-scale applications. Comparison of the 
stability of the enzyme in solution phase vs. immobilized on membrane phase showed a 
loss of some 65% of enzyme activity in the solution phase after 22 days, whereas the 
membrane-bound enzyme lost only a negligible percentage of activity in comparable time 
span. Finally, the membrane was exposed to rigorous cycles of TCP degradation trials to 
study its reusability. The primary results reveal a loss of only 14% of the initial activity 
after four cycles of use in a period of 25 days, demonstrating its potential to reuse. 
Regeneration of the functionalized membrane was also validated by dislodging the 
immobilized enzyme followed by immobilization of fresh enzyme on to the membrane. 
A multi-enzyme functionalized membrane reactor for bioconversion of lignin 
model compound involving enzymatic catalysis was also developed. Layer-by-layer 
approach was used to immobilize three different enzymes (glucose oxidase, peroxidase and 
laccase) into pH-responsive membranes. This novel membrane reactor couples the in-situ 
generation of hydrogen peroxide (by glucose oxidase) to oxidative conversion of a lignin 
model compound, guaiacylglycerol-B-guaiacylether (GGE). Preliminary investigation of 
the efficacy of these functional membranes towards GGE degradation is demonstrated 
under convective flow mode. Over 90% of the initial feed could be degraded with the 
multienzyme immobilized membranes at a residence time of approximately 22 seconds. 
GGE conversion product analysis revealed formation of oligomeric oxidation products 
with peroxidase, which might be potential hazard to membrane bioreactors. These 
oxidation products could be further degraded by laccase enzymes in the multi-enzymatic 
membranes explaining the potential of multienzyme membrane reactors. The multi-
enzyme incorporated membrane reactors were active for about a month time of storage at 
4 oC, and retention of activity was demonstrated after repetitive use. 
Further, PAA functionalized PVDF membranes are immobilized with thiol (-SH) 
groups for metal sorption from industrial effluent water. The sorption capacity of mercury 
for CysM immobilized membrane is 2446 mg/g PAA and the efficiency of Hg removal is 
99.1±0.1% respectively from synthetic water. For 1300 minutes CysM-PAA-PVDF 
membrane is used to remove Hg2+ cations from effluent water. The adsorption efficiency 
in this long-term study is around 97%. In presence of Ca2+ cations adsorption efficiency 
     
 
drops to 82% for CysM-PAA-PVDF membrane and to 40% for Cys-PAA-PVDF 
membrane. A mathematical model on heavy metal adsorption by thiol (-SH) functionalized 
membrane was developed to predict experimental results over a wide range of operating 
conditions. These diverse functional approaches of microfiltration membranes and its 
application towards water remediation offer superior performance over traditional 
treatment process thus anticipates immediate industrial application. 
Finally, hollow Fe-Pd nanoparticles were synthesized for the application towards 
degradation of chlorinated compounds. This fabricated Fe hollow spheres have 2.6 times 
higher surface area and 4.28 times pore volume compare to commercial Fe catalyst. Initial 
investigation reveals in presence of palladium, these prepared hollow NPs can completely 
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CHAPTER 1. INTRODUCTION 
1.1 Membrane Technology for Sustainable Water Treatment 
Water is one of the most precious resource for life in this planet and is becoming 
scarce and contaminated 1-3. Population growth, industrialization and climate change 
constitute an expanding list of stressors to water resources that exacerbate global water 
scarcity 1, 4. In both developing and industrialized nations, a growing number of 
contaminants are entering water supplies from human activity, from traditional compounds 
such as heavy metals and distillates to emerging micropollutants 2-5.These constant 
contamination of water sources strongly affects energy and food production, industrial 
output, and the quality of our environment 1-3. 
Treatment of industrial process water has become a major challenge and such 
wastewaters are characterized by a high level of total dissolved solids, and a high fouling 
potential 1-2. These wastewaters are therefore difficult to treat 3-4. Furthermore, potential 
new regulations may require zero liquid discharge for industrial wastewaters 1. In addition, 
resource recovery will be an integral part of wastewater treatment in the coming decades. 
This will necessitate the development of lower-cost, energy-efficient, efficacious 
technologies for the treatment of waste and contaminated water from source to point-of-
use are needed, without further stressing the environment or endangering human health by 
the treatment itself 1-4. Fortunately, a recent surge of activity in water treatment research 
offers hope in mitigating the impact of impaired waters around the world 2. Conventional 
methods of water disinfection, decontamination and desalination can address many of these 
problems with quality and supply 1. However, these treatment methods are often 
chemically, energetically and operationally intensive, focused on large systems, and thus 
require considerable infusion of capital, engineering expertise and infrastructure, all of 
which precludes their use in much of the world 1-4. 
Membrane-based treatment technologies play a key role in water treatment and 
purification 6-10. These technologies produce water of superior quality, are less sensitive to 
feed quality fluctuations, more energy efficient and have a much smaller footprint 
compared with conventional water treatment technologies 1, 11-12. 
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1.2 Membrane, Membrane Classification and Transport Mechanism 
Membranes are thin barriers that permit selective mass transport and form the basis 
of several separation processes typically driven by gradients in pressure, electric potential, 
concentration or temperature 8. With the advantages of modularity, scalability, 
compactness and high energy efficiency, membrane separations have become pervasive in 
applications related to energy, water, food, biotechnology and chemical processing 4, 8. 
Major applications include water treatment and desalination, natural gas purification, 
production of nitrogen from air, bioprocessing, solvent- and petrochemical-based 
separations and, production of ultrapure water 4, 8. Beyond separations, membranes find 
use in fuel cells, drug delivery, bio or chemical sensors, therapeutic procedures, tissue 
repair, production of pharmaceuticals and energy harvesting from mixing processes 4, 8. 
Membrane processes can be classified into different categories, based on different 
criteria including membrane configuration, type of membrane materials, driving force, 
separation mechanism, and size range of constituents removed 13. The latter is dictated by 
the membrane’s pore size or molecular weight cut-off (MWCO). Four main membrane 
types are commonly used to treat wastewater to potable standards and are classified in order 
of decreasing pore size 13. As the pores get smaller the processes need more driving force. 
The technologies are often classified as low pressure (MF, UF) and high pressure (NF, RO) 
13. A schematic diagram summarizing the most important constituents rejected by each 
membrane type is shown in Figure 1.1 13. Since a larger driven force is needed for the 
membranes with smaller pores, MF/UF membranes have been widely used in the 
wastewater treatment processes to save energy and cost 1, 13. 
Membranes achieve selective transport through a variety of mechanisms operative 
over different length scales 7-8. Figure 1.2 shows a schematic of length-scale dependence 
of membrane transport mechanisms 8. At the smallest scale, dense polymeric membranes 
(without defined pores), such as reverse osmosis membranes for water desalination and 
many gas separation membranes, operate by a solution-diffusion mechanism 8. Here, 
selectivity results from differences in species solubilities and diffusivities in the membrane 
material; solubility depends on the molecular structure, membrane porosity and chemical 
affinity, whereas diffusivity is governed by thermally activated rearrangements of the 
polymer chains that strongly favor size-dependent diffusion of smaller molecules 8. When 
3 
selectivity is governed by diffusion alone (as in many polymeric gas separation 
membranes, a more permeable material typically provides less selectivity and results in a 
trade-off between permeability and selectivity known as the Robeson limit in the context 
of gas separations 7-8. Overcoming this trade-off requires incorporation of additional 
mechanisms such as chemical affinity or molecular sieving, where smaller molecules pass 
through while larger ones are sterically impeded 7-8. Due to the small free volume available, 
gas transport in membranes with pore diameters just beyond the molecular size is governed 
by phenomena such as diffusion, surface adsorption and condensation of gas molecules in 
the membrane pores 7-8. In pores that are much larger than molecular size but smaller than 
the gas mean free path, gas transport is governed by Knudsen diffusion, where molecules 
with lower molecular mass travel faster and have higher permeance 7-8. 
In liquid environments, transport in pores that are larger than molecules or ions is 
influenced by differences in species diffusivity, steric effects, chemical affinity and 
electrostatic interactions, including surface charge and dielectric effects 7-8. When the pore 
size is below ~2 nm, transport of water is also influenced by hydrogen bonding and 
structuring of water molecules, which depends on the pore geometry and functional groups 
8. The effect of pore functional groups on water flow tends to be modest, with hydrophilic 
groups (for example, -OH, Mo, -N) reported to enhance permeation of water by up to 
twofold by attracting water molecules to the pore, compared with hydrophobic groups (for 
example, -H), which can present an entropic barrier to transport 6-8. Transport of hydrated 
ions across atomically thin pores is influenced by electrostatic interactions, coordination 
with functional groups or charges at pore edges, and steric exclusion of the ion hydration 
shell 6-8. Pore functionalization can radically alter ionic transport, especially if the pore is 
smaller than the size of the hydrated ion 6-8. Charged or partially charged functional groups 
along the pore edge can lower the energy barrier for ions of opposite charge and increase 
the barrier for ions of like charge, leading to cation/anion selectivity 7-8. Although transport 
in membranes is complex, a thin selective layer with precisely controlled pores and 
chemical functionality could yields high permeance and high selectivity 8. Figure 1.3 
shows relationship of membrane structure with selective layer thickness for different kind 





Figure 1.1 Membrane separation processes, pore sizes, molecular weight cut-off (MWCO) 
and examples of sizes of solutes and particles. (Figure was adapted with permission from 





Figure 1.2 Length-scale dependence of membrane transport mechanisms. Relative scales 
of gas and water molecules, hydrated ions and gas mean free path are depicted on bottom 
left. Q, flux; D, diffusivity; S, sorption coefficient; m, molecular mass; μ, viscosity. (Figure 





Figure 1.3 Membrane structure–thickness map with some illustrative examples. From left 
to right, the structures change from disordered to ordered (Figure was adapted with 
permission from Nature Nanotechnology, Wang et al., 2017). 
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1.3 Pore Functionalization Approaches of Microfiltration Membranes 
Several polymers are used for making membranes. Among them a select few have 
emerged as leading choices for the synthesis of MF/UF membrane for their versatile 
application 13. Two main design considerations such as i) membrane material properties 
and, ii) membrane formation mechanisms drive the fabrication of membrane technologies 
13-14. Driving factors for material choice include pore size distribution, wetting 
susceptibility, porosity, mechanical strength, cost, polymer flexibility, fouling resistance, 
stability, durability and, chemical resistance 13-14. The latter may include resistance to pH, 
oxidants, and chlorination 13-14. Other desirable properties that also relate to the fabrication 
itself include low tortuosity and surface properties that influence rejection (e.g., surface 
charge) 13. Additional characteristics may influence performance as well, such as improved 
regeneration/fouling recovery, which results from many things including low surface 
roughness, poorly adhering materials, and resistance to cleaning agents 13. Warsinger et al. 
reported conventional materials for the fabrication of MF/UF membranes are summarized 
in Table 1.1 13. Among those materials PVDF polymer has emerged as one of the potential 
candidates for making MF/UF membrane due to their broad pore size distribution, wide 
pH range of operation and very much stable in harsh operation condition. 
It is promising to utilize and modify PVDF membrane pores with functional groups 
to obtain special separation and reaction functions. Many studies have been reported on 
functionalizing the MF membrane pores with -OH, -NH2, -SO3H, -COOH, or -CONH2 
groups by using chemical modification, polymerization, and layer by layer assembly (LBL) 
methods 6, 15-21. The functionalized membrane has been studied for various applications 
such as heavy metal removal, bioreaction, and catalysis 15, 20-28. The advantages of using 
PVDF functionalized porous membrane are high mass transfer capacity, low operating 
pressure due to the open structure and many versatile applications 15, 21-24, 29-30. Figure 1.4 
shows a schematic of PVDF microfiltration membrane functionalization with suitable 
polymer such as poly acrylic acid (PAA) to incorporate carboxyl (-COOH) group and 
further modification of functionalized membranes for different application ranging from 
catalysis, bio reactor to heavy metal adsorption platform. 
As a catalytic reactor bed, support materials such as PVDF after functionalization 
with suitable responsive polymers are very desirable platform for in-situ synthesis of 
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catalytic nanoparticles for conducting a wide range of reactions 6, 15. Due to their high 
surface area to volume ratio, large amounts of catalyst can be loaded onto a relatively small 
volume of materials. Since many catalysts are derived from heavy metals, the same 
responsive materials used to capture heavy metal ions for their synthesis and 
immobilization 6. This membrane platform containing immobilized catalysts can be 
operated under convective flow, thereby significantly reducing the mass transfer limitation 
6, 15, 26. 
As a bio reactor, membrane with a net charge have been used to electrostatically 
immobilize enzymes for conducting catalytic reactions 6, 21, 31. Although enzyme 
immobilization generally lowers activity, the use of free enzyme in the homogeneous phase 
is restricted due to lower stability and product inhibition 6. Methods for enzyme 
immobilization include covalent, site-directed and electrostatic attachment 6. Layer-by-
layer assembly technique commonly used by intercalation of positive and negative 
polyelectrolytes, is a powerful, versatile and, simple method for assembling 
supramolecular structures 6, 21. These structures exhibit negative and positive charges, 
which allow for incorporation of a variety of materials in particular, enzymes 6, 21. Though 
a LbL assembly consisting of multiple layers of polyelectrolytes is an excellent platform 
for enzyme immobilization, covalent attachment of the first layer may be necessary in order 
to impart greater stability to the assembly. Poly(allylamine-hydrochloride) (PAH), Poly 
(L-lysine hydrochloride) (PLL) are well known polyelectrolytes used for this purpose 6. 
Functionalization of PVDF membrane materials also allow for the development of 
high capacity heavy metal adsorbents 6, 22-24. Unlike charged based exclusion, where 
separation occurs due to the electrostatic repulsive force between fixed ionizable groups 
and permeating co-ions in solution, adsorption mechanism such as ion exchange, chelation 
etc. are due to the attraction of the counterion to the immobilized polyelectrolyte 6. Ion 
exchange is driven by electroneutrality, such that a divalent counterion requires two 
binding sites for metal capture 6. 
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Table 1.1 Typical materials used for fabrication of MF/UF membranes (Table was adapted 
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Figure 1.4 A schematic of PVDF microfiltration membrane functionalization with PAA (-
COOH) group and further modification of functionalized membranes for different 
application ranging from catalysis, bio reactor to heavy metal adsorption platform. 
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1.4 Functionalization of PVDF Microfiltration Membrane with PAA 
Functionalization of PVDF base membrane by incorporation of suitable functional 
groups will enable further modification of the membrane platform 6. These functional 
groups are mostly chosen from stimuli responsive polymers 6. Such stimuli responsive 
polymers are generally used as the building blocks for responsive membranes 6, 32-33. 
Stimuli responsive membranes exploit the interplay between the pore structure and changes 
in the conformation/polarity/reactivity of responsive polymers of functional groups in the 
membrane bulk or on its surfaces 6, 32-33. 
Incorporation of suitable responsive groups may be classified as in-situ or post 
synthesis 6. In the former method, the group is part of one of the monomers used to form 
the membrane. In the latter method, the membrane polymer is synthesized and then a 
reactive group present is functionalized prior to membrane casting 6. Using in-situ method, 
the monomer containing the responsive group and other co-monomers used as cross-linker 
are co-polymerized and the copolymers are fabricated into the desired membrane 6. This 
in-situ polymerization and concurrent cross-linking results a high degree of ionization 
groups in the membrane pore structure 6, 32-33. 
Poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), poly(vinylpyridine), 
poly(L-glutamic acid) etc. are well known pH responsive polymers 6. Among them, 
poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) have been wildly used as 
hydrogel 6, 32, 34-35. The side chains, with carboxyl groups (-COOH), of PAA and PMAA 
can lose protons at neutral or base solution (when pH > pKa of polymers) 6, 32. This makes 
carboxyl groups convert to anion -COO-, which can be used to capture metal cations 32. 
Therefore, PAA functionalized PVDF membranes along with novel ion-exchange and in-
situ reduction processes for Pd-Fe particle incorporation have been reported for the 
treatment of chlorinated organic compounds 28, 36-39. Carboxylate groups from PAA can 
ion-exchange with metal cations and the captured metal cations can be converted to 
metallic nanoparticles (in-situ) through adding reducing agent (NaBH4) 15, 28, 35-36, 39. These 
carboxylate groups also prevent the leaching of produced metal ion (i.e., recapture by ion 
exchange) and nanoparticle aggregation 40. Tunable membrane pores can be achieved by 
changing environmental pH through ionization of carboxylate groups from PAA 32-33. 
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1.5 Incorporation of Bi-metallic Nanoparticles in Membrane Pore Domain for 
Remediation of Chlorinated Organics 
Chlorinated organic compounds (COCs) are a serious concern as environmental 
pollutants due to their high toxicity, chemical stability and presence in soils, sediments as 
well as in different water sources 17, 36, 41. Nano scale zero valent iron (nZVI) and iron based 
bimetallic NPs have been intensively studied for the degradation of COCs into less toxic 
or nontoxic products 42-49. The addition of a second metal such as Pt, Pd, Au, Ag, Ni, Cu, 
Zn with Fe will enhance the catalytic activity for dechlorination 50-52. Among these metals, 
Pd is well known and the most studied catalyst for hydro-dechlorination of COCs due to 
its noble nature 15, 53. When bimetallic Pd-Fe is used in COCs degradation in water, Fe acts 
as an electron source and Pd as a catalyst. Once, hydrogen is produced from nZVI due to 
its corrosion in water, it is activated by Pd to form highly reactive hydrogen radicals. These 
hydrogen radicals then serve as effective electron donors for dechlorination of COCs, 
whether Pd is coated on nZVI or is present as separate NPs 54. 
Incorporation of these reactive NPs in membrane results as a suitable platform for 
water remediation and antifouling application. Different methods for in situ preparation of 
nanoparticle-based membrane systems for water remediation are well documented in 
literature 48. Synthesis of Fe, Pd-Fe, Ni-Fe, and iron oxide immobilized in polyvinylidene 
fluoride/poly (acrylic acid) (PVDF-PAA) membranes for use in the degradation of COCs 
was reported in previous studies 20, 55-57. These functionalized membranes have been used 
as porous supporting materials to control NPs aggregation, to capture dissolved metal ions, 
and to perform batch and convective flow degradation studies of COCs through the 
associate membrane pores. Figure 1.5 shows a schematic of pore functionalized Pd-Fe 
nanoparticle incorporated PAA-PVDF membrane is degrading PCBs to less toxic biphenyl. 
Further, reaction mechanism and reaction pathway via electron transfer is also 





Figure 1.5 A schematic of pore functionalized Pd-Fe nanoparticle incorporated PAA-
PVDF membrane. This membrane reactor platform is degrading PCBs to less toxic 




1.6 Immobilization of Enzymes on PAA Functionalized Microfiltration Membrane 
for Degradation of Chloro-Organics 
Introduction of functional polymers into the membrane pores enables deliberate 
immobilization of biological molecules such as enzymes within the polymer matrix, thus 
allowing catalytic remediation of toxic organics in water. Apart from providing enhanced 
stability, reusability and ease of handling, immobilization of enzymes onto membranes 
increases their practical utility by coupling them with immediate separation of the products 
in a flow-through system thereby minimizing inhibition of enzyme activity 58-59. 
Chlorinated organic compounds such as chlorophenols are a class of persistent 
environmental pollutants which have been extensively used as wood preservatives and for 
pesticide formulation over the years 60. These chlorinated organic compounds have a long 
history as threats to human health. Various chloro-organics, such as, 2,4,6-trichlorophenol 
(TCP), have immense health impact, and is widely detected in ground water and soil 61-62. 
Existing remediation techniques degrade the chloro-organics by both physical and 
chemical methods 63-64. In contrast, bioremediation is accomplished using enzymes which 
are environmentally benign, renewable and non-toxic 65-66. Furthermore, enzymes are 
highly selective natural biocatalysts that accelerate reactions with extreme efficacy and 
selectivity. However, enzymes have had limited industrial application due to their lack of 
long-term operational stability, intricate recovery and poor re-usability. Fortunately, these 
limitations can often be overcome by immobilizing them on suitable matrices such as 
functionalized membrane 67-68. 
Laccase has long been used in the paper industry for its lignolytic activity, and also 
gained attention for its ability to degrade phenolic and other compounds in contaminated 
effluents 69-73. Combining promising activity of laccase with the versatile tunable behavior 
of polyacrylate polymers will allow to fabricate bioinspired membranes for dechlorination 
of polychlorophenols. The hypothesis is that under convective flow the reactants can 
rapidly access the active sites and the metabolized products leave the membrane and hence 
the enzyme active sites immediately after the reaction, eliminating unnecessary 
deterioration of the enzyme activity. 
To this end the immobilization of laccase on polyacrylic acid (PAA) functionalized 
polyvinylidene fluoride (PVDF) microfiltration membranes following a layer-by-layer 
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(LBL) assembly technique is reported in this study 74-76. A general believe is that, unlike 
enzymes entrapped in matrix, covalent binding usually leads to higher stability due to 
increased enzyme-support attachment, however, reduces enzyme activity due to changes 
in the enzyme’s native structure 31, 77-80. LBL assembly offers such entrapment with an 
oppositely charged polyelectrolyte within the membrane domain without deteriorating the 
core structure. It helps to retain the enzyme activity without compromising on the stability 
aspect. Moreover past studies have shown that it is possible to reload the enzyme when 
necessary 21. Figure 1.6 shows a schematic of laccase immobilization in membrane 
platforms through layer-by layer approach. PAA-PVDF membrane with an 
electrostatically immobilized layer of PAH and subsequent laccase immobilization enables 





Figure 1.6 Schematic of laccase immobilization in membrane platforms through layer-by 
layer approach. PAA-PVDF membrane with an electrostatically immobilized layer of PAH 
and subsequent laccase immobilization enables dechlorination of polychlorophenols. (In 
the scheme ‘with respect to’ is abbreviated as ‘wrt’). 
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1.7 Multi-Enzyme immobilization on PAA-PVDF Membrane for Transformation of 
Lignin Model Compound 
Synthetic membranes provide a versatile platform for immobilization of bio-
catalysts (enzymes) thereby overcoming the inadequacies of soluble enzymes such as 
instability, difficult recovery, trouble of handling and non-reusability 58-59. Enzymatic 
reactions, on the other hand, encourage emerging technology incorporating multienzyme 
systems, making catalytic strategies operative and sophisticated 81-83. Immobilized multi-
enzymatic systems that exploit the selectivity of biocatalysts have been developed from 
time to time 65-66. In this respect, pore functionalized membranes with porous support and 
functional polymer matrices may be an ideal platform for multiple enzyme immobilization 
and thus developing bioreactors for enzymatic reactions 67-68. 
Lignocellulosic feedstocks have received continuous attention as renewable 
biomass for generation of biofuels and fine chemicals 84. In particular, the highly abundant 
polymer, lignin, deserves more attention than only getting used for low value applications 
such as low grade fuel 85. Plenty of research have been conducted that report ways to exploit 
the prospective of lignin as a resource for value added chemicals 84, 86-87. However, practical 
utility is far ahead owing to the challenges involved during lignin depolymerization. Most 
of the methods reported for lignin valorisation, such as pyrolysis, catalytic oxidation and/or 
hydrolysis under supercritical conditions etc., are either energy-consuming or 
environmentally unfavorable 88. In nature, lignin is degraded by a pool of extracellular 
ligninolytic enzymes such as peroxidases and laccases over a period of many years 89. One 
of the novel approaches to mimic natural ways of lignin depolymerization is involving 
multi enzymatic reactions and is worth considering. 
Membrane based multienzyme systems can be constructed by carrying out 
sequential deposition onto the membrane pores. The layer-by-layer (LbL) adsorption 
technique is a general and versatile tool for the controlled fabrication of surfaces and pores 
by the consecutive deposition of alternatively charged polyelectrolytes 74-76. Efforts have 
been made to fabricate multienzyme surfaces through LbL techniques for bioprocessing 
applications 31, 77-80. 
Recent interest in enzymatic methods for the lignin biodegradation has focused on 
using enzymes such as peroxidases, laccase, phenol oxidases etc 90-93. Peroxidases and 
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laccases constitute an interesting tool for the development of alternative oxidative 
processes for lignin degradation due to their low substrate specificity and relatively wide 
pH of action 69-73, 94-96. The exploitation of their potentiality is prevented, especially in the 
case of peroxidases, by their low stability. Although there are quite a few reports on the 
use of peroxidase for lignin oxidative process 97, horseradish peroxidase (HRP) has been 
shown to catalyse spontaneous polymerization of a variety of aromatic compounds 98-99. 
Such undesired polymeric by-products have to be filtered out of the reactor solution in 
order to avoid poisoning of the biocatalysts. On the other hand, in the case of membrane 
bioreactors such polymeric products need to be avoided to circumvent clogging and fouling 
of the membrane. One such technique is to use multi enzyme system to convert such 
poly/oligomeric products formed by peroxidases to simpler ones. 
A composite membrane with horseradish peroxidase (HRP) and laccase 
immobilized on it via the LbL technique and its performance towards degradation of a 
lignin model compound is reported in this study. The hypothesis is that by the use of such 
multienzyme immobilized membrane system, any unnecessary by-products can 
simultaneously be converted to small molecules thereby prohibiting membrane fouling as 
well as enzyme inhibition. In essence, the HRP enzyme partially degrades/modifies the 
substrate (Guaiacylglycerol-β-guaiacylether) to oligomeric unit which is then degraded by 
laccase to monomeric units. As peroxidase enzyme needs hydrogen peroxide as one of the 
substrate, glucose oxidase (GO) was incorporated as a third enzyme for the in situ 
generation of hydrogen peroxide. Alternatively, for membranes with only laccase and HRP 
on it, hydrogen peroxide was added to the feed. The main objective of this study is to 
understand the activity of such multi enzyme functionalized membranes towards 
degradation of an aromatic phenolic lignin model compound, specifically 
Guaiacylglycerol-β-guaiacylether (GGE). Figure 1.7 demonstrates a schematic of 
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1.8 Thiol Functionalizes Membrane for Heavy Metal Removal from Water 
Functionalization of PVDF membrane with suitable responsive (pH, temperature) 
polymer allows to incorporate charged groups (-COOH, -OH) in membrane pore domain 
and tuning of pore size and flux 19, 100. Carboxyl groups incorporated in PVDF membranes 
can be replaced by thiol (-SH) groups by either ion-exchange (IE) or by activated through 
ethyl(dimethylaminopropyl) carbodiimide/N-Hydroxysuccinimide (EDC/NHS) coupling 
101-104. The NHS-O- functional groups formed during this process can subsequently be 
substituted by thiol containing amines (organic compounds containing a basic nitrogen 
atom with a lone pair of electrons, e.g., R-NH2). The resulting thiol membranes are 
expected to effectively absorb ionic mercury from water because of the strong propensity 
of thiols to bond with ionic mercury to form mercury-sulfur complexes 105-107. The 
application could be further extended to capture other metals such as nickel, gold, arsenic 
from wastewater. 
The affinity between mercury ions and sulfur is well-known. HgS may be present 
in geologic formations and enter wastewater streams as HgS particles or may be formed in 
an industrial facility by the reaction between ionic Hg2+ and sulfur. HgS formation and 
precipitation can occur in the wastewater stream or can take place elsewhere in a facility 
and migrate to the wastewater. Organic compounds present in soils, natural waters, 
sediments, and living beings containing thiol (‒SH) groups can complex mercury or form 
mercury-thiol species (Hg(SR)x) through physicochemical sorption, ion exchange, and 
ligand-induced oxidative complexation 108. In the aqueous phase, the soft lewis acids Ag+ 
and Hg2+ prefer complexation with the soft base SH‒ over reactions with hard bases such 
as Br‒, Cl‒, and OH-. The mercury-sulfur complex is poorly soluble and very resilient, 
which allows for effective removal of ionic dissolved mercury species using sulfur groups 
25, 105-106. 
Cysteine (C3H7NO2S, (Cys)), an amino acid that contains a thiol functional group, 
is known to interact strongly with mercury ions, affecting the metabolism and nucleic acids 
in the body 107. Various studies, including some from this group, have used immobilized 
derivatives of cysteine and poly-thiol compounds onto polyelectrolytes, taking advantage 
of the Hg/Ag‒thiol affinity for removal of Hg2+ and Ag+ 22-25. Another amino compound 
with similar characteristics is cysteamine or β-Mercaptoethylamine (C2H7NS (CysM)). 
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One industrial application of CysM is as a chelating agent to support gold and silver in 
biosensors and membranes 109-110. The main difference between Cys and the less studied 
CysM is the absence of a carboxyl group in CysM. This could theoretically make CysM a 
more effective alternative to remove heavy metals from wastewater because relatively high 
concentrations of other cations (Ca2+, Mg2+) in wastewater may react with the carboxyl 
group due to their higher reactivity compare to heavy metal cations (Hg2+, Ag+) and cause 
steric hindrance for Hg2+- SH- interaction. 
Mercury (Hg) can be present as dissolved, elemental, or solid (e.g., nanoparticle 
HgS) species in wastewater streams from various industries, including industrial 
wastewater treatment plants, oil refineries, and ore extraction operations from mining 
industries. Mercury species present in industrial wastewaters are typically dominated by 
HgS nanoparticles and soluble Hg2+ complexes 108, 111. Discharge of wastewaters with 
elevated concentrations of mercury and other heavy metals can potentially impact aquatic 
life and the food chain 112-114. Depending on site-specific conditions such as mercury 
speciation, geochemical conditions, and the presence of labile organic matter, certain 
mercury species deposited in sediments can be methylated over time and potentially 
accumulate in benthic organisms and fish to levels of concern 115. Development of 
processes for effective, sustained, and cost-effective removal of dissolved Hg, elemental 
Hg, and nanoparticulate HgS from various wastewaters has been a challenge to scientist 
and the engineering community 116-118. A variety of physical and/or chemical treatment 
processes have been proposed and developed for removal of particle-bound and dissolved 
Hg species from wastewater 105, 119-121. The effectiveness of physical separation of particle 
bound Hg through methods such as filtration, flotation, centrifugation, or gravity settling 
is typically a function of particle size and/or specific gravity. Technologies for removal of 
dissolved Hg species from wastewater include ion exchange, activated carbon absorption, 
precipitation, electrodeposition, selective liquid-liquid extraction, and membrane 
separation 25, 122-130. 
The physical and chemical composition and characteristics of wastewater can be 
complex. The performance efficiencies of most treatment technologies highly depends on 
the water source (sediment, surface water, ground water or industrial effluent water) and 
water composition, including mercury speciation and concentration, water quality 
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parameters such as pH, redox potential, ionic composition, ionic strength, and the presence 
of DOM and dispersed oil 131. Removal of mercury and other heavy metals can be 
associated with several of these parameters. Among the treatment processes to remove 
dissolved Hg from wastewater, membrane-based separation is not well explored despite 
offering high treatment capacities, relatively small footprints, and long-term stability 
suitable for full scale operation for industrial applications 57, 101. Removing mercury from 
wastewater compared to synthetic water can be challenging because the complexity of the 
water matrix can significantly impact the solids removal and adsorption performance of a 
treatment process. In addition, long term application of filtration and adsorption processes 
for removal of heavy metals can alter the performance of the treatment process over time. 
Few literature studies have evaluated mercury removal from real wastewater 131. Figure 






Figure 1.8 A schematic of thiol functionalized membrane adsorbing mercury from water. 
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1.9 Next Generation Hollow Nanoparticles for Chloro-Organics Degradation 
Hollow micro-/nanostructured metal oxide, which represent a class of materials 
with the unique properties of high porous structures, high surface area, inner hollow 
architecture and low density have attracted great attention in last several years 132-141. These 
materials find potential application in photonics, catalysis, sensors, drug delivery, energy 
conversion, light weight fillers, adsorptive materials and storage systems because of their 
unique and improved properties 132-133, 136-137, 142-145. To date, notable progress was made on 
the synthesis of hollow structures. Several chemical and physicochemical approaches such 
as template methods, the Kirkendall effect, Ostwald ripening, self-assembly techniques and 
spray drying method was reported 132-133, 137. Among these, template-assisted methods, was 
most effective way to produce uniform hollow structures. Template methods are based on 
the formation of a core-shell structure by coating a desired material or its precursor on the 
surface of the template, followed by removal of the template by an appropriate technique 
133, 137. Methods using hard templates are most commonly used due to their effectiveness 
in the production of uniform hollow structures and applicability towards a large variety of 
materials 133, 137. However, the procedure is expensive and requires additional steps during 
the synthesis as well as removal of templates; also, the hollow architecture may break 
during removal of the template 132-133, 137. Thus, challenge remains to demonstrate 
simplified procedure to make hollow structures. 
Recent studies demonstrated that hollow micro-/nano hierarchically structured 
materials exhibit enhanced properties compared to their bulk counterparts for water 
treatment application 135. As a result, continuous efforts are being made on the preparation 
of complex iron oxide nanostructures assembled from low-dimensional building blocks 135. 
Among them, sphere shaped hollow structures with permeable shells and high surface area 
have emerged as an attractive material for water treatment application 132, 135. In this context 
a simplified hydrothermal approach for the synthesis of hollow iron oxide and palladium-
iron oxide is demonstrated as a platform for chloroorganic degradation. 
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CHAPTER 2. RESEARCH OBJECTIVES 
The overall objective of this research is to assess different pore functionalization 
approaches of microfiltration membrane for the application of chloro-organic remediation 
to heavy metal sorption. To achieve this goal, PVDF microfiltration membrane was 
initially functionalized with polyacrylic acid (PAA) polymer to incorporate carboxylic acid 
(-COOH) group in membrane pores. This PAA-PVDF membrane was then investigated for 
three different pore functionalization approaches for water treatment application. Initially, 
i) incorporation of bimetallic (Pd-Fe) nanoparticles by in-situ synthesis for the remediation 
of chlorinated organic compounds (COCs); then, ii) incorporation of enzymes by layer-by-
layer (LBL) assembly towards degradation of polychloro-organics; and finally, iii) thiol (-
SH) functionalized PVDF membranes for heavy metal sorption from water. The detail 
goals of these diverse approached pore functionalized membranes towards application of 
water remediation are mentioned below. 
Nanoparticle incorporated PAA-PVDF membrane as a catalytic reactor bed: 
The main purpose of this study is to investigate the effects of monomer (M) and 
cross-linker (X) concentrations on the performance of pore functionalized pH responsive 
membranes for water-based dechlorinations applications, using 3,3',4,4',5-
pentachlorobiphenyl (PCB 126) as a model compound. 
The specific objectives of this work are: 
▪ To functionalize PVDF membranes using different combinations in concentrations 
of PAA as a monomer, M (wt.%), and (N, N′- methylenebis (acrylamide)) (MBA) 
as a cross-linker, X (mol%). 
▪ To study the variation of responsive behavior of PAA-PVDF membrane and 
understand its effects on mass gain, water permeability, Pd-Fe NPs size and metal 
loading. 
▪ To depict the details of Pd-Fe-PAA-PVDF membranes and nanoparticles by TGA, 
contact angle measurement, surface zeta potential, XRD, SEM, XPS, FIB, TEM 
and other characterization techniques. 
▪ To investigate the reaction kinetics of Pd-Fe NPs through the reduction of PCB 
126. A Schematic of details of specific objectives are portrayed in Figure 2.1. 
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Enzyme Immobilized PAA-PVDF membrane as a bio reactor: 
There two primary objectives for the enzyme immobilized PAA-PVDF membrane 
to be used as membrane bio reactor. i) To understand the activity of laccase-functionalized 
membranes towards degradation of polychloro-organics, specifically, 2,4,6-
trichlorophenol. ii) To understand the activity of multi-enzyme functionalized membranes 
towards degradation of an aromatic phenolic lignin model compound, specifically 
guaiacylglycerol-β-guaiacylether (GGE). 
Within these contexts, specific goals are: 
▪ To fabricate functionalized membrane by alternating attachment of cationic and 
anionic polyelectrolytes via the LBL technique and characterize the functional 
domain. 
▪ To compare the stability and reactivity of the immobilized enzyme to those of the 
free enzyme. 
▪ To evaluate the long-term performance of the laccase-functionalized membranes 
towards degradation of 2,4,6-trichlorophenol in water under convective flow 
conditions. 
▪ To immobilize multi-enzyme on PAA-PVDF membrane by alternating attachment 
of cationic and anionic polyelectrolytes via the LBL technique and characterize the 
functional domain,  
▪ To evaluate the long-term performance of the multi-enzyme functionalized 
membranes towards degradation of lignin models in water under convective flow 
conditions. 
Thiol incorporated PAA-PVDF membrane as heavy metal adsorption bed: 
The overall goal of this work is to synthesize thiol functionalized PVDF membranes 
for removal of heavy metal specifically mercury from water. 
Specific aims of this work are: 
▪ To prepare and characterize cysteine (Cys) and cysteamine (CysM) (thiol 
precursors) functionalized PVDF membranes. 
▪ To evaluate the efficacy of cysteamine (CysM) functionalized membrane for 
removal of Hg2+ from synthetic water. 
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▪ For the treatment of industrial wastewater by cysteamine (CysM) functionalized 
membrane to establish a process to remove both HgS nanoparticle and dissolved 
Hg2+ from wastewater. 
▪ To evaluate the impact of cations in the wastewater on mercury removal by thiol 
functionalized membranes. 
▪ To assess the performance of the thiol membrane for long-term mercury adsorption. 
▪ To develop and validate a mathematical model to predict the performance of a thiol 
membrane for heavy metal adsorption. 
Finally, a new kind of hollow (Fe and Pd-Fe) nanoparticles are synthesized for the 






Figure 2.1 Graphical illustration depicting the specific aims of nanoparticle incorporated 
PAA-PVDF membrane catalytic reactor bed. Block diagrams are represented by 
correlation of inputs (monomer and cross-linker concentrations) in left side and output 
variables (mass gain, water permeability), Ion exchange capacity, Fe metal loading and Pd-
Fe nanoparticle size distribution and dechlorination of PCB 126 to biphenyl) in right side. 
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CHAPTER 3. EXPERIMENTAL AND ANALYTICAL METHODS 
3.1 Overview 
This chapter discusses all the materials, methods and instruments used in the 
synthesis, characterization and experiments conducted for all the research projects for this 
dissertation. Details synthesis of Pd-Fe bimetallic nanoparticles incorporated membranes, 
single and multi-enzyme immobilized membranes and thiol incorporated microfiltration 
membranes have been discussed. Finally, Fe and Pd-Fe hollow nanoparticles preparation 
techniques also mentioned. 
3.2 Materials 
All chemicals used during the laboratory-scale membrane functionalization and the 
other studies were reagent grade and used without further purification. Full scale PVDF 
microfiltration membranes (PV700, pore diameter of 250-400 nm, thickness around 172 ± 
5 µm and porosity around 38~46%) were obtained from Nanostone Water, Inc. 
For synthesis and experiments conducted for Pd-Fe NPs incorporated PAA 
functionalized PVDF membranes the chemicals used are acrylic acid (AA, 98%), N, N′-
methylenebis (acrylamide) (MBA, 99%) and sodium borohydride (98%) were received 
from ACROS ORGANICS. Potassium persulfate (KPS, >99%) was procured from EM 
SCIENCE. Potassium tetrachloropalladate (II) (99%) was purchased from STREM 
Chemicals. Naphthalene_d8 (99 atom% D) was purchased from Sigma-Aldrich. Sodium 
hydroxide (0.1 N), sulfuric acid (0.5 M), hydrochloric acid (0.1 N), hexanes (>99%) and 
ferrous chloride tetrahydrate (>99%) were obtained from Fisher Scientific. 3,3',4,4',5-
pentachlorobiphenyl (PCB 126) (>97%, neat) and biphenyl (>97%, neat) along with their 
analytical solution (100 ppm in hexane) were acquired from Ultra Scientific. Ethyl alcohol 
and methanol were bought from EMD Millipore Corporation. Sodium chloride (99%) was 
purchased from Alfa Aesar. 
For synthesis and experiments conducted for laccase immobilized PAA-PVDF 
membranes the chemicals used are 2,4,6-trichlorophenol (TCP, 98%), ammonium 
persulfate (APS, >98%) and the enzyme laccase from Trametes versicolor (powder, light 
brown, ≥0.5 U/mg) were purchased from Sigma Aldrich. Poly(allylamine-hydrochloride) 
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(PAH) was obtained from Acros, New Jersey, NJ, USA. Bradford reagent was obtained 
from VWR. 
In addition, for synthesis and experiments conducted for multi-enzyme 
immobilized polymeric membrane reactor are guaiacylglycerol-β-guaiacylether (GGE) 
and the enzymes Glucose Oxidase (GO) and Horseradish Peroxidase (HRP) were 
purchased from Sigma Aldrich. 
For synthesis and experiments conducted for thiol (-SH) functionalized membranes 
the chemicals used are Fluoraldehyde™ o-Phthaldialdehyde Reagent solution, (Product 
Number (PN): 26025) (Thermo Scientific, Rockford, IL, USA), sodium hydroxide (NaOH) 
solution (1.0 N), (PN: BDH7222) (VWR Analytical, USA), sodium chloride (NaCl) salt, 
PN: BDH9286 (VWR Chemicals, Ohio, USA), calcium chloride (CaCl2) salt, ACS Grade, 
PN: BDH9224, (VWR International, PA, USA), sulfuric acid (H2SO4) solution (1.0 N), 
PN: BDH7232 (VWR Analytical, USA), Nitric acid 68,0 - 70,0%, AR Select® ACS for 
trace metal analysis, (Macron Fine Chemicals, Center Valley, PA, USA). Ethanol, 99.5%, 
(PN: EX0276-3) (EMD Millipore Corporation, USA), ammonium persulfate ((NH₄)₂S₂O₈), 
98+% (Acros Organic, Geel, Belgium), N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC), ≥ 98.0% (Sigma-Aldrich, St Louis, MO, USA), 
and N-hydroxysucinimide (NHS), (C4H5NO3), >98.0% (TCI, Tokyo, Japan). Cysteamine 
hydrochloride (MEA), ≥ 98.0% (Sigma-Aldrich, St Louis, MO, USA), L-Cysteine 
Hydrochloride; Monohydrate (Cys), (C3H7NO2.HCl.H2O), PN: C-6852 (Sigma-Aldrich, St 
Louis, MO, USA). Mercury (II) nitrate hydrate (Hg(NO3)2·xH2O, x= 1-2), ACS 98.0% 
(Alfa Aesar, Ward Hill, MA, USA). Silver Nitrate (AgNO3), Crystal, 99.8-100.5% (PN: 
JT3429-04), (J. T. Baker, Phillipsburg, NJ, USA). 
Finally, for synthesis of Fe and Pd-Fe hollow nanoparticles the chemicals used are 
D-(+)-Glucose, min 99.5%, SIGMA-ALDRICH, Inc., St. Louis, MO, USA and Ferrous 
ammonium sulfate hexahydrate ((NH4)2.Fe(SO4)2.6H2O), M = 392.14 g/mol, assay 98.5-
101.5, Billerica, MA, USA. 
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3.3 Functionalization of PVDF Membranes with PAA 
Lab scale PVDF membranes were functionalized via an in-situ polymerization 
method, as reported before 57, 146. Before functionalization, membranes were soaked in 
methanol for 5 to 10 minutes to remove dirt, clean the pores and increase the hydrophilicity 
of the surface 147. After that a mixture of monomer solution (pH = 5.5~5.6) of AA (10~20 
wt.% aqueous solution) with MBA as the cross-linker (0.5~2.0 mol% of AA), and KPS as 
an initiator (1.0 mol% of AA) was passed through the membrane under vacuum (0.14~0.16 
bar vacuum) 87. The solution was passed 3~4 times through the top surface of the membrane 
and once through the back of the membrane to confirm a homogenous polymerization 
across the pores. The membranes were then baked at 70~75 °C for 1~1.5 hrs under N2 
atmosphere or vacuum. This allows functionalization of the membrane via a thermal 
initialized polymerization of AA inside the PVDF membrane pores. After that, 
functionalized membranes were washed thoroughly with deionized ultrafiltered (DIUF) 
water to eliminate any unreacted constituents and then dried for 30 minutes at around 
50~55 °C. Finally, the membranes were weighed to confirm polymerization through mass 
gain. In Figure 3.1 a step by step process of the functionalization of the PVDF membrane, 
the Pd-Fe NP loading, and the degradation of PCB 126 solution using a Pd-Fe-PAA-PVDF 
membrane is depicted. 
In order to study the effects of M and X concentrations, six different batches of 
functionalized membranes were prepared. M concentration was varied from 10 to 20 wt.% 
of solution, and X concentration was varied from 0.5 to 2 mol% of monomer concentration. 
In our previous studies we have taken monomer concentration to vary from 10 to 20 wt.% 
with 1 mol% of cross-linker concentration 26, 28, 39, 57. However, in those studies we have 
not addressed the effect that M and X have on mass gain, permeability (A), metal loading, 
NP size and degradation of COCs (in this case, PCB 126) besides membrane 
characterizations. In this study, we have extended the variation of cross-linker 
concentration in the range of 0.5 to 2 mol% of monomer concentration. For all the prepared 
batches of membrane, the initiator (KPS), concentration was kept constant to 1 mol% of M 
concentration in polymer solution. In Table 3.1 the matrix of chemicals used for preparing 
different batches of pore functionalized membranes to evaluate the effect of monomer and 




Figure 3.1 Schematic representation of step by step functionalization of the PVDF 
membrane and its use as a platform for PCB 126 degradation. (1) A zoomed image of 
PVDF pore is shown, (2) In situ polymerization of membrane pores using monomer 
(acrylic acid (AA)) and cross-linker (N, N′- methylenebis (acrylamide) (MBA)). This 
causes the pore size to shrink and swell in different pH environment making it a pH 
responsive membrane, (3) Fe and Pd NPs are loaded inside the pores using a double ion 
exchange process by convective flow, (4) Degradation of the PCB 126 solution to biphenyl 
using Pd-Fe-PAA-PVDF membrane. 
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Table 3.1 Matrix of polymeric solution used for making different batches of functionalized 
PAA-PVDF membranes. Initiator (KPS) concentration is fixed to 1 mol% in all 





Chemicals Used for Functionalization of Membranes 
         Monomer (M) 
    (AA = Acrylic Acid) 
Cross-Linker (X) 
(MBA=N, N′-Methylenebis (Acrylamide)) 
   A (10, 0.5) 10 wt.% of solution    0.5 mol% of AA 
B (10, 1) 10 wt.% of solution 1 mol% of AA 
C (10, 2) 10 wt.% of solution 2 mol% of AA 
   D (20, 0.5) 20 wt.% of solution     0.5 mol% of AA 
E (20, 1) 20 wt.% of solution 1 mol% of AA 




3.4 Pd-Fe Nanoparticle Immobilization in Functionalized Membranes 
In situ immobilization of Fe and Pd NPs in the functionalized membrane pores was 
achieved by first doing ion exchange followed by reduction of Fe and subsequent Pd 
coating as reported in previous works 28, 39. For cation exchange, PVDF-PAA membranes 
were soaked in NaCl (~68 mM) solution (pH ≥ 10). The ionized carboxyl groups chelated 
with Na+ while releasing H+ to cause a decrease in the pH of the solution. Therefore, to 
maintain the pH, NaOH was added in intervals. After 12~14 hrs, (solution pH > 8), the 
membranes were then washed with deoxygenated water to remove any excess NaCl/NaOH 
from the pores. For a second ion exchange, the membrane was put into a dead-end filtration 
cell. Then, 200 mL of FeCl2 solution (~3.57 mM, pH = 5.0~5.5) was passed through under 
N2 pressure (2~3 bar). This convective mode operation allows all Na
+ ions to be replaced 
by Fe2+, thereby forming iron-carboxylate conjugates both in the surface and inside the 
pores. In the reduction step, Fe2+ was immediately reduced to zerovalent iron NPs by 
passing 300 mL of NaBH4 solution (~26 mM) under N2 pressure (3~5 bar) through the 
membrane. Finally, the immobilization of Pd NPs on Fe surface was achieved by passing 
200 mL (ethanol:water = 9:1 v/v) of K2PdCl4 solution (~153 μM, Pd as 1 wt.% of Fe) 
through the Fe-PAA-PVDF membrane under N2 pressure (2~4 bar). This step was repeated 
until the K2PdCl4 solution turned colorless. This ensures all Pd
2+ were reduced by Feo, 
forming Pdo and Fe2+. The prepared membranes were then washed and stored in pure 
ethanol in a cold room (4 oC) for further use. 
3.5 PCB 126 Dechlorination using Pd-Fe Nanoparticles 
To assess the reactivity of immobilized Pd-Fe NPs in membranes, PCB 126 was 
taken as a model compound. Dechlorination experiments were conducted in both batch 
mode and convective flow mode. For batch experiments, 20 mL EPA glass vials were used. 
During the subsequent experiments the vials were placed on a shaker (250 rpm) to assure 
that all the PCB 126 can access the Pd-Fe NPs sites. Functionalized Pd-Fe-PAA-PVDF 
membranes (surface area of 17.3 cm2 each) were then placed in vials (~15 µM PCB 126, 
Vethanol/Vwater = 1/9, pH = 5.5~5.6). The experiment was terminated by removing 10 mL of 
organic solution from vials at different time intervals. To extract the organic compounds 
from both the solution and membrane phases, 10 mL of hexanes was poured into the 
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previously extracted 10 mL of organic solution (Vorganic solution/Vhexanes = 1/1). 10 µL of 1000 
ppm naphthalene_d8 was then added as an internal standard. After 1~2 hours of shaking, 
the hexane phase was further analyzed using GC-MS. For conducting the convective flow 
study, a Pd-Fe-PAA-PVDF membrane was placed into a dead-end filtration cell. Here, the 
effective exposed membrane surface area is 13.2 cm2. Then 30~50 mL of PCB 126 solution 
(~15 µM) was passed through the membrane under N2 pressure. Permeate was collected 
after 8~10 minutes, when the reaction was observed to approach a steady state. Samples 
were collected at 10-minute intervals while varying the operating pressure (1.36 bar to 4.76 
bar). The collected samples were then extracted in hexanes before being analyzed by the 
GC-MS following the same procedure mentioned earlier. 
3.6 Nanoparticle Immobilized PAA-PVDF Membrane Characterization 
To evaluate the successful polymerization of the PAA in the pores of the PVDF 
membranes, the functionalized membranes were characterized using TGA, ATR-FTIR, 
SEM, contact angle measurements, surface zeta potential measurement, and water 
permeability studies. Thermogravimetric analysis (TGA) was conducted to study the mass 
loss and thermal stability of pore-modified PAA-PVDF membrane using TGA Q50 
analyzer (TA Instruments, USA). Sample sizes ranged from 4~12 mg. The scanning 
temperature range was from room temperature up to 750 oC with a heating rate of 10 oC/min 
under N2 atmosphere. The results were then analyzed using "TA Universal Analysis" 
software. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR, Varian 7000e) was used to examine the presence of functional groups in 
functionalized PVDF membranes. The samples were then placed on a diamond crystal, and 
the spectrum was evaluated between 500 and 4000 cm-1, averaging 32 scans at a resolution 
of 4 cm-1. Surface morphology of the functionalized membrane was studied using a 
scanning electron microscope (SEM, Hitachi S-4300). The membrane pore size and surface 
porosity (ratio of the pore area to the total membrane area) were analyzed using ImageJ 
software. The contact angles for both the bare and functionalized PVDF membranes were 
measured using a Krüss Drop Shape Analyzer instrument (DSA100). Zeta potential was 
analyzed using an Anton-Paar SurPASS electrokinetic analyzer to characterize the 
membrane surface charge. Water permeability of the bare and functionalized PVDF 
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membranes were performed using a laboratory-scale stainless steel pressure cell (Sepa ST, 
GE Osmonics, effective membrane area 13.2 cm2) in dead-end mode 26. 
The solution phase Pd-Fe nanoparticles were characterized by X-ray diffractometer 
(XRD) (Siemens D500) with Cu Kα (1.5418 Å) radiation (generator voltage of 40 keV, 
tube current of 30 mA). Inductively coupled plasma optical emission spectroscopy (ICP-
OES, VARIAN VISTA-PRO) was used to quantify the concentration of Na and Fe ions in 
solution, after acidification with nitric acid (1 v/v %). The amount of absorbed Fe in the 
functionalized membranes during the ion exchange process was then determined by mass 
balance. The composition of the top layer of Pd-Fe-PAA-PVDF membrane was performed 
using X-ray photoelectron spectroscopy (XPS) (K-alpha, Thermo-Scientific) with 
aluminum anode. The measurement of NP size and distribution was conducted both on 
surface and inside the Pd-Fe-PAA-PVDF membrane pores after preparing a lamella using 
a FIB-SEM (FEI Helios Nanolab 660) instrument. A transmission electron microscopy 
(TEM, JEOL 2010F) coupled with energy dispersive x-ray spectroscopy (EDS) and an 
electron energy loss spectroscopy (EELS) were also used to observe the NP distribution 
inside Pd-Fe-PAA-PVDF membrane layer. Line scan and elemental mapping were 
conducted using a scanning transmission electron microscopy (STEM) mode. 
Finally, while performing degradation studies using the Pd-Fe-PAA-PVDF 
membranes (both in batch and convective flow mode), the concentrations of produced 
biphenyl and the remaining PCB 126 were calculated using a coupled gas chromatography 
(Varian CP-3800)-mass spectrometry (Saturn 2200) instrument with helium as carrier gas. 
3.7 Electrostatic Immobilization of Laccase in Functionalized Membranes 
Laccase was immobilized into the pores of the PAA functionalized PVDF 
membrane by layer-by-layer assembly technique as demonstrated in Figure 3.2. PAA 
having a pKa value of ~5 remains negatively charged after treatment with DIUF (pH 6). In 
order to embed a positively charged electrolyte into the membrane pores, 100 mL of a 
43µM solution of PAH (in DIUF) was permeated though the membranes at pH 3.9. The 
electrostatic interaction between the negatively charged carboxylic acid groups of PAA 
and the positively charged ammonium groups of PAH holds the PAH immobilized into the 
pores. After formation of the PAA-PAH layers, laccase was immobilized electrostatically 
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by permeating the membrane with 100 mL of a laccase solution (concentration varying 
from 50-150 ppm) in DIUF at pH 6. Laccase having a pI of ~3.5 is understood to attach 
electrostatically to the positively charged ammonium groups. As expected after 
immobilization of the PAH layers followed by the enzyme layers the flux of the membrane 
decreases significantly (by ~73%). The lower permeability with the laccase immobilization 
is desirable to achieve optimized residence time for effective degradation. The amount of 
laccase immobilized was determined by the difference in activity of the enzyme between 
the feed solution and the enzyme left in the permeate at the end of the immobilization. 
After the enzyme immobilization step, membranes were rigorously washed with DIUF 
water under convective flow mode in order to wash away any loosely bound enzymes. The 
washings were carried out with several 20 mL aliquots of DIUF water until the permeate 
is free of laccase enzyme. In general, the quantity of leached enzyme is negligibly low after 
the 3rd or 4th washing as quantified by Bradford assay shown in Figure 3.3. For cross 
verification purpose, aliquots from permeate were also tested for the presence of any 
enzyme by means of its reaction with ABTS. It should also be noted here that both these 
methodology for enzyme detection were accurate to use under these conditions; no color 







Figure 3.2 Schematic of laccase immobilization in membrane platforms through layer-by 
layer approach: PVDF-PAA membrane with an electrostatically immobilized layer of PAH 






Figure 3.3 Leaching of enzyme from immobilized membrane during washing as analyzed 
by Bradford assay. 
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3.8 Bradford Assay 
The amount of the loosely bound enzyme leached out from the membrane with 
washing was quantified spectrophotometrically at 595 nm by means of its interaction with 
Bradford reagent. The protocol followed was as per the datasheet provided by VWR. The 
standard curve was obtained with BSA protein in the linear range of (0 µg/mL – 10 µg/mL). 
For each particular analysis 1 mL Bradford Reagent was added to each standard dilution 
(of protein/enzyme) with specific volume of 0.15 M NaCl solution and mixed it for 5 
minutes before measuring the absorbance at 595 nm. 
3.9 Assay of Laccase Activity 
The activities of free and immobilized laccase was determined by monitoring the 
oxidation of 2,2´-azino-bis-(3-ethyl-benzthiazoline-6-sulfonic acid) (ABTS) 
spectrophotometrically at 420 nm (εmax = 36000 L mol
-1 cm-1) with 0.2 mM ABTS as 
substrate in 0.25 M potassium phosphate buffer (pH 5.7) at 22 ºC. The kinetic parameters, 
Km and kcat , were determined by measuring the initial rates of reaction between laccase and 
different concentrations of ABTS as the substrate (0.01-0.2 mM) in 0.25 M potassium 
phosphate buffer (pH 5.7) at 22 ºC. The kinetic parameters were estimated from the 
Michaelis–Menten equation. 
3.10 Performance of the Laccase Immobilized Membranes towards Degradation of 
TCP 
TCP degradation studies were performed under pressure driven flow using a 
laboratory-scale stainless steel pressure cell housing the functionalized membrane. In a 
typical degradation experiment 100 mL of 250 µM solution of TCP in DIUF (pH 5.6) was 
allowed to pass through the membrane and the flow rate was varied under positive pressure 
from an air gas tank. The collected permeate was then analyzed for the concentrations of 
TCP left using high-performance liquid chromatography (HPLC) with a Shimadzu 
instrument employing two pumps, an auto sampler, and a photodiode array detector. 
Standard solutions of TCP were prepared to obtain a standard curve with which to quantify 
TCP degraded upon passage through the membrane. The elution was performed by 
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pumping acetonitrile and water (55:45 v/v) at a flow rate of 0.6 mL/min. UV light 
absorption was measured over a wavelength window of 200-700 nm. The amount of TCP 
degraded by the laccase functionalized membrane was calculated using the following 
equation 3.1: 
𝐶𝑑𝑒𝑔 = 𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑝𝑒𝑟 … … … … … … 𝐄𝐐 (𝟑. 𝟏) 
where, Cdeg is the amount of TCP degraded by laccase; Cfeed is the initial concentration of 
TCP in the feed solution; Cper is the amount of TCP in the permeate. 
3.11 Multi-Enzymes Immobilization in Functionalized Membranes 
Enzymes were immobilized into the pores of the PAA functionalized PVDF 
membrane by layer-by-layer assembly technique. PAA having a pKa value ~ 4.5 remains 
negatively charged after treatment with DIUF (pH 6). In order to embed a positively 
charged electrolyte into the membrane pores, 100 mL of a 45 µM solution of PAH (in 
DIUF) was permeated though the membranes at pH 3.9. The electrostatic interaction 
between the negatively charged carboxylic acid groups of PAA and the positively charged 
ammonium groups of PAH holds the PAH immobilized into the pores. After formation of 
the PAA-PAH layers, laccase was immobilized electrostatically by permeating the 
membrane with 100 mL of a 100 ppm (10 mg/100 mL) laccase solution in DIUF at pH 6. 
After embedding the laccase layer, solution of PAH (in DIUF) was permeated though the 
membranes at pH 3.9 one more time followed by permeating HRP solution (10 mg/100 
mL) in DIUF at pH 6. This results in a membrane reactor with the pores filled up by 
entrapment of mixture of enzymes around the polymer nets. The process was then repeated 
to have the third enzyme (GO) immobilized as the final layer. The amount of enzyme 
immobilized was quantified spectrophotometrically by Bradford reagent determined by the 
difference in amount of the enzyme between the feed solution and the permeate. The 
membranes were rigorously washed with DIUF water after each immobilization step in 
order to wash away any loosely bound enzymes. 
The enzyme immobilized membranes were stored at 4 oC for weeks and the activities 
of these membranes towards degradation of the GGE were assessed to test their stability 
over a longer period. 
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3.12 Performance of the Multi-Enzyme Immobilized Membranes towards 
Degradation of Lignin Model Compound 
GGE degradation studies were performed under pressure driven flow using a 
laboratory-scale stainless steel pressure cell housing the functionalized membrane. In a 
typical degradation experiment 100 mL of 3.1 mM solution of GGE in DIUF was allowed 
to pass through the membrane, and the flow rate was varied under positive pressure using 
an air gas tank. The collected permeate was then analyzed for the concentrations of GGE 
using high-performance liquid chromatography (HPLC) with a Shimadzu instrument 
employing two pumps, an auto sampler, and a photodiode array detector. Standard 
solutions of GGE were prepared to obtain a standard curve with which to quantify GGE 
degraded upon passage through the membrane. HPLC and LCMS was similarly used to 
assess oxidation products formed. The elution was performed by pumping acetonitrile and 
water (40:60 v/v) at a flow rate of 0.6 mL/min. The conversion of GGE degraded by the 
functionalized membrane is defined by equation 3.2: 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐺𝐺𝐸 =
𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝐶𝑓𝑒𝑒𝑑
… … … … … … 𝐄𝐐 (𝟑. 𝟐) 
3.13 Synthesis of Thiol Functionalized Membranes 
Immobilization of thiol groups to the PAA-PVDF membrane was conducted by two 
methods. In the first method, an ion exchange process is proposed for immobilization of 
cysteamine (CysM) on the PAA-PVDF membrane using an alkaline solution (1 g/L of 
CysM adjusted with 0.1 N NaOH solution to pH ≈ 8.5; T = 22 °C), as depicted in Figure 
3.4. This ion exchange process is partially derived from previous work by this group, using 
a dead-end cell (Sterlitech HP4750) to pass-through the CysM alkaline solution 26, 28, 39. 
The ion exchange with CysM has advantage over Cys because of its higher affinity to be 
immobilized by ion exchange to the PAA-PVDF membrane at pH relevant to wastewater 
treatment. The Cysteine is a zwitterionic molecule with three pKa values, the carboxyl 
being the lowest (see Table 3.2) 148-151. Cys is negatively charged at neutral pH (6-8) 152. 
Meanwhile, CysM zwitterion has high two-pKa values. Compared to Cys, CysM can 
adsorb more strongly to a deprotonated PAA (which pKa is weakly acidic), because the 
CysM zwitterion is usually present in its cationic form (see Table 3.2) 19, 21, 153-154. 
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In the second method, EDC/NHS coupling is used to functionalize the membranes 
with Cys or CysM to generate Cys- and CysM-PAA-PVDF membranes (collectively 
referred to as thiol membranes) as depicted as a schematic in Figure 3.5. Amino 
compounds (Cys or CysM) can be covalently attached through activation of carboxyl 
groups with EDC. Since this reaction is performed in solution, the hydrolysis of the active 
EDC complex has to be avoided by the addition of NHS, forming a more stable 
intermediate that will react with the amino groups present in Cys and CysM 155-156. 
Covalent attachment of Cys or CysM is achieved via bond formation between its primary 
amino group and the carboxylic acid groups of PAA. 
A solution with a pH of 6.3 containing 5.0 mM EDC, 5.0 mM NHS, and 450 mM 
NaCl was passed through a PAA-PVDF membrane at a pressure of 6.9 ± 0.3 bar in 
convective flow mode using a dead-end filtration cell. The resulting NHS-PAA-PVDF 
membrane was rinsed with DI water at the same pressure. A 1.0 g/L of either Cys or CysM 
solution (pH 7.5) was subsequently passed through the NHS-PAA-PVDF membranes to 
incoporate thiol groups in the membrane. The resulting thiol membranes were rinsed with 
DI water. During this process the membranes were stored at 4~5 °C when not in use. The 
flux and volumes of feed, peremeate, and retentate were recorded throughout the 
functionalization processes, and the liquids were analyzed by TOC to calcuate the degree 
of thiol incorporation by carbon balance. Conversion of PAA-PVDF membranes to NHS-
PAA-PVDF membranes during EDC/NHS functionalization and corresponding flux 
pattern is shown in Figure 3.6. Progressive attachment of thiol groups in NHS-PAA-PVDF 





Figure 3.4 General functionalization process of PAA-PVDF membranes with cysteine or 
cysteamine through two routes: EDC/NHS coupling with (1) Cysteine (Cys) or, (2) 
Cysteamine (CysM), and ion exchange with Cysteamine (CysM). 
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Figure 3.5 Schematic of reaction steps to functionalize PAA-PVDF membrane with 
EDC/NHS solution followed by incorporation of thiol (-SH) groups by passing a thiol (-





Figure 3.6 The cumulative amount of NHS added to a PAA-PVDF membrane (surface 
area 13.2-cm2) during passing a mixture of 5.0 mM NHS and 5.0 mM EDC solution (pH = 
6.3) by convective flow through the membrane. The flux pattern during this EDC/NHS 
incorporation is shown on the right y-axis. The pressure during experiment was kept around 
6.9 ± 0.3 bar. TOC analysis of feed and permeate samples was used to measure the 
incorporation. The estimated maximum capacity for incorporation was determined based 





Figure 3.7 CysM incorporation into an NHS-PAA-PVDF membrane (surface area 13.2-
cm2) during passing a 1.0-g/L, CysM solution (pH = 7.5) by convective flow through the 
membrane. The flux pattern during this CysM incorporation is shown on the right y-axis. 
The pressure during experiment was kept around 6.9 ± 0.3 bar. TOC analysis of samples 
of the feeds and permeates was used to determine the amount of CysM incorporation. The 
NHS-PAA-PVDF membrane used was obtained by the convective-flow of EDC/NHS 
solution through the membrane. The estimated maximum capacity for incorporation was 
determined using the mass gained by the membrane during PAA functionalization. 
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3.14 Characterization of Thiol Incorporated Membranes 
Thiol membranes were characterized using Attenuated Total Reflectance Fourier 
Transformation Infra-Red (ATR-FTIR), X-ray photoelectron spectroscopy (XPS), Total-
Organic Carbon (TOC), Scanning Electron Microscope (SEM), Focus Ion Beam SEM 
(FIB-SEM), Transmission Electron Microscopy EDS (TEM-EDS) contact angle 
measurements, and surface zeta potential measurement instruments. ATR-FTIR (Nicolet 
iS50 FT-IR Spectrometer, Thermo Scientific) was used to verify the membrane synthesis 
at various stages of functionalization of the PVDF membrane. XPS (Thermo Scientific K-
alpha XPS System) was used to verify membrane synthesis and metal adsorption across 
the membrane cross-section. 
TOC analysis was performed using a TOC-5000A (Shimadzu) instrument to verify 
membrane synthesis by calculating carbon balance during EDC/NHS functionalization and 
Cys or CysM incorporation. This TOC analyzer was calibrated using in-house prepared 
carbon standards. The experimental error during analysis was lower than 2%. Ultra-high 
purity oxygen was used as carrier gas (pressure of 6.0 bar and 150 mL/min) during TOC 
measurement. Surface morphology (membrane pore size and porosity) of the 
functionalized membrane was recorded by SEM (Hitachi S-4300). Membrane pore size 
and surface porosity (ratio of the pore area to the total membrane area) were determined 
using ImageJ software. Contact angles were measured using a Krüss Drop Shape Analyzer 
instrument (DSA100) to evaluate potential changes in hydrophobicity or hydrophilicity of 
the surface of the functionalized membranes. Zeta potential was analyzed using an Anton-
Paar SurPASS electrokinetic analyzer to verify changes in surface charge due to 
incorporation of carboxyl and thiol functional groups in membranes. The distribution of 
heavy metals was measured both on surface and inside the pores of thiol membrane after 
preparing a lamella from the membrane using a FIB-SEM (FEI Helios Nanolab 660) 
instrument. TEM (JEOL 2010F) coupled with energy dispersive X-ray spectroscopy (EDS) 
and electron energy loss spectroscopy (EELS) were used to determine the captured heavy 
metal distribution across the cross-section of thiol membrane. Light scattering (Litesizer 
500, Anton Paar) for particle analysis was used to determine the size distribution and 
particle diameter of HgS NPs. Further, the presence of thiol groups in functionalized 
membranes was also characterized by fluorescence-labelling, using Fluoraldehyde™ in the 
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presence of n-propylamine, using a confocal microscope (Zeiss LSM880 Multiphoton 
Microscope) shown in Figure 3.8. It is clear from Figure 3.8 that the entire porous 





Figure 3.8 Top surface of the CysM-PAA-PVDF with a red tag for the membrane structure 
(Fluoraldehyde™ Reagent Solution). Membrane used: PVDF (Nanostone PV700). 
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3.15 Permeability Measurements of Membranes and Its Impact on Functionalization 
Changes in ionic stregnth of the solution permeating a carboxyl funcionalized 
PVDF membrane can cause charge-charge repulsion/attraction in polymer layers 
incorporated in membrane pores, resulting in swelling or shrinkage of pores and an 
associated change in permeability 6, 18. Observation of the changes in transport properties, 
such as water permeability, after each functionalization step provides a qualitative 
assessment of the success of each functionalization step. Thus, the functionality of thiol 
membranes can be evaluated by measuring permeability of the unaltered PVDF membrane, 
the PAA-PVDF membrane, the PAA-PVDF membrane after transformation of carboxyl 
groups to NHS-esters by EDC/NHS chemistry, and finally the Cys- and CysM-PAA-PVDF 
membrane. Water permeability of the thiol membranes was measured with a laboratory-
scale stainless steel pressure cell (Sepa ST, GE Osmonics, effective membrane area 13.2 
cm2) in dead-end mode. This approach allows convective flow of the permeate through a 
membrane. The permeability experiment was performed according to our protocol 
described elsewhere 39, 146. The permeability of a PVDF membrane was measured after 
each step of the functionalization until the desired thiol membrane was formed. 
3.16 Measurement of Adsorbed Cations in Functionalized Membranes 
Synthetic water samples containing one cation per solution (Ca2+, Hg2+, Ag+) and 
spiked wastewater samples containing multiple cations were passed through the thiol 
membranes by a convective flow process to 1) understand the transport mechanisms, 2) 
measure the cationic adsorption capacities, and 3) measure the HgS NP removal 
effectiveness. Silver (Ag+) containing synthetic water was used to quantify the metal 
adsorption capacity of the thiol membranes, based on the assumption that Ag+ attaches to 
thiol groups in 1:1 molar ratio. Samples of feeds, permeates, and retentates were acidified 
with nitric acid (1 v/v%) and analyzed for Ca2+, Hg2+, and Ag+ concentrations using 
inductively coupled plasma optical emission spectroscopy (ICP-OES, VARIAN VISTA-
PRO). For Ca2+ and Hg2+ analysis the ICP-OES was calibrated from 0.5 to 100 ppm and 
from 0.5 to 1 ppm, respectively. For Ag+ analysis the ICP-OES was calibrated in three 
different ranges as 0.1 to 1 ppm, 5 to 100 ppm and 10 to 100 ppm, depending on starting 
Ag+ concentration in the solution. Hg2+ concentrations were also measured by direct 
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injection in a Nippon Instruments Corporation (NIC) MA-3000 analyzer. The MA-3000 
was calibrated from 1 to 100 ppb range. A material balance for the three cations enabled 
calculation of the removal and adsorption capacity of the thiol membranes. 
3.17 Preparation of Fe and Pd-Fe Hollow Nanoparticles 
To synthesize the hollow Fe nanoparticles modified one-pot hydrothermal method 
was followed 136-137. Initially two solutions were prepared. The first solution contains 5~6 
g of D-Glucose mixed in 20 mL of DIUF water. Second solution was prepared by putting 
5M (NH4)2.Fe(SO4)2.6H2O pre-cursor solution dissolved in 10 mL DIUF water. Both 
Solutions were mixed in a ratio of 5:1 and placed in Teflon autoclave. Then the autoclave 
was kept in the oven at 180oC for 12 hours. After natural cooling prepared samples then 
filtered and washed first with DIUF water and then with ethanol for couple of times. After 
washing the prepared samples were dried at 60oC for 5 hours in vacuum in an oven. After 
that samples were collected for XRD characterization. Finally, the samples were calcined 
at 550oC for four hours with a heating rater of 4oC/minute which allows to remove carbon 
cores resulting the hollow nanoparticles. The weight loss during this process is around 
98%. The synthesized Fe hollow nanoparticles are well dispersed in ethanol as well as in 
water. For Pd-Fe hollow nanoparticles same procedure has been followed but potassium 
tetrachloropalladate (II) (99%) salt has been added in solution 1 as 4~6% of 
(NH4)2.Fe(SO4)2.6H2O salt. 
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CHAPTER 4. ROLE OF PVDF MEMBRANE PORE POLYMERIZATION CONDITIONS FOR 
PH RESPONSIVE BEHAVIOR AND CATALYTIC NANOPARTICLE LOADING 
4.1 Overview 
This chapter discusses the effects of changing monomer and cross-linker 
concentrations on the mass gain, water permeability, Pd-Fe nanoparticle (NP) loading, and 
the rate of degradation of 3,3',4,4',5-pentachlorobiphenyl (PCB 126) of pore functionalized 
polyvinylidene fluoride (PVDF) membranes. In this study, monomer (acrylic acid (AA)) 
and cross-linker (N, N′- methylene-bis (acrylamide)) concentrations were varied from 10 
to 20 wt.% of polymer solution and 0.5 to 2 mol% of monomer concentration, respectively. 
Results showed that responsive behavior of membrane could be tuned in terms of water 
permeability over a range of 270 to 1 L·m-2·hr-1·bar-1, which is a function of water pH. The 
NP size on the membrane surface was found in the range of 16~23 nm. With increasing 
cross-linker density the percentage of smaller NPs (<10 nm) increases due to smaller mesh 
size formation of during in-situ polymerization of membrane. NP loading was found to 
vary from 0.21~0.94 mg per cm2 of membrane area depending on the variation of available 
carboxyl groups in membrane pore domain. These PAA-PVDF membranes are 
characterized by TGA, contact angle measurement and surface zeta potential to reveal the 
details about the membrane surface and pores. Pd-Fe nanoparticles are quantified by 
analyzing the images collected using SEM and FIB techniques. Statistical analysis based 
on experimental results allows us to depict responsive behavior of functionalized 
membrane. Sections 4.2 to 4.7 are published in Islam et al. (2018). 
4.2 Mass Gain of Functionalized Membranes 
The effective polymerization of PAA in the pores of PVDF membranes could be 
calculated by measuring the difference of weight change of membranes before and after 
functionalization. In Figure 4.1, the average mass gain for all the six batches (each with a 
different matrix of monomer (M) and cross-linker (X) concentrations) are represented in a 
bar chart. It is clear from Figure 4.1 that when 10 wt.% of the monomer concentration was 
used during functionalization as in Batches A, B and C, the observed average mass gain 
was 4~5 % despite of using different concentrations of cross-linker (0.5 mol% to 2 mol%). 
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Whereas, when 20 wt.% of monomer concentration was used as in Batches D, E and F, 
these results have an average mass gain of around 15~16%. This mass gain data is 
consistent with our previous reported works 28, 34, 39. 
To know the maximum mass gain, a bare PVDF membrane was soaked in DIUF 
water for 30 minutes. It was found a maximum mass gain of 21~23 wt.% (showed with a 
green dotted line in Figure 4.1). The maximum mass gain results reveal that values of mass 
gain of the different batches (A to F) of membrane are within the range. For a base porosity 
of 40%, functionalization of a PVDF membrane using a 10 wt.% polymer solution allows 
the membrane to retain porosity around 30 to 31 %, while when using a 20 wt.% of polymer 
solution, the membrane is only able to retain a porosity between 9 to 12% as shown in 
Figure 4.1. It is interesting to note that changing the concentration of the cross-linker does 
not affect the mass gain of the functionalized membrane, which is reasonable since X 
concentration is much lower compared to M concentration and it is used mainly to deter 
entanglement of polymer chains during the polymerization reaction. This is also confirmed 
by a factorial and response surface design analysis mentioned at the end of this document. 
One of the earliest researchers to report on the effect of cross-linking on the physical 
properties of polymers was Nielsen 157. Later, Kjøniksen et al. and Zhao et al., reported the 
effect of cross-linking density on the rheology and its mechanical properties in different 
aspects 158-159. However, none of them discussed the effect of cross-linkers on mass gain 
during polymerization reaction. It is also observable from Figure 4.1 that mass gain 
increased three-fold when the monomer concentration was changed from 10 wt.% to 20 





Figure 4.1 Mass gain profile of different batches of functionalized PAA-PVDF 
membranes. The green dotted box is showing the maximum mass gain possible for PVDF 
membrane when all the pores are saturated with water with a base porosity (Ø) of 40%. 
For 10 wt.% of monomer concentration approximately 30~31% porosity (Ø) remains after 
functionalization (shown in purple lines). For 20 wt.% of monomer concentration almost 




The mass gain profile of modified PAA-PVDF membrane was further investigated 
by the TG analysis. In Figure 4.2 the TG analysis thermograms for bare PVDF membrane 
(blue line), 10 wt.% PAA-PVDF membrane (black big dashed line), 20 wt.% PAA-PVDF 
membrane (pink small dashed line) and PAA powder (red line) are shown. The TG analysis 
can provide information on PAA content, PAA decomposing temperature and membrane 
thermal stability by observing the minute weight change of the sample with temperature. 
The bare PVDF membrane shows only one-step sharp weight loss around 420~440 °C, 
which corresponds to the degradation of the CF2 chain 160-161. The PAA powder also shows 
one step wide weight loss in the temperature range 215~490 oC. However, the PAA-PVDF 
membrane (-COOH form) exhibits a distinct three-step degradation process. The first slight 
weight loss is around temperature range of 215∼310 °C due to the formation of anhydride 
16, 162. The second weight loss is observed at the temperature range from 310∼485 °C, 
corresponding to further decomposition of polyacrylic anhydride 16, 162. The final weight 
loss occurs at 485 °C, which is attributed to the decomposition of the PVDF side chains. 
From Figure 4.2, it is clear that with an increase of PAA content in PVDF membrane the 
thermograms are shifted towards the thermograms of PAA. This confirms difference in 






Figure 4.2 TGA thermograms of bare PVDF membrane (blue line), 10 wt.% PAA-PVDF 
membrane (black line), 20 wt.% PAA-PVDF membrane (green line) and PAA (redline). 
With an increase in PAA percentage in PVDF membrane the TGA curves are shifted 
towards PAA curve. 
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4.3 ATR FT-IR Spectra and SEM Image Analysis of PAA-PVDF Membranes 
The ATR FT-IR spectra of the bare and functionalized PVDF membranes shown 
in Figure 4.3 confirm the resulting in situ polymerization inside membrane pores. The 
absorption peaks characteristic of fluorocarbon groups ( ̶ CF2 ̶ ) of the PVDF chains lie in 
the region of 950 - 1220 cm-1, as expected are clearly visible in Figure 4.3a (blue line) 163. 
The appearance of peaks around 1700 cm-1 and 1550 cm-1 in Figure 4.3b (green line) is 
due to carbonyl stretch and antisymmetric stretching of carboxyl groups ( ̶ COOH), 
respectively, of the polyacrylic acid polymer 164. In addition, the broad peak in Figure 4.3b 
between 2700 and 3400 cm−1 is demonstrating the presence of O−H group from the 
synthesized polymer 34. Together, these results demonstrate the successful polymerization 
of PAA in PVDF membrane matrix. 
Surface morphologies of the PVDF and PAA functionalized PVDF membranes 
were characterized by SEM as shown in Figure 4.3. The bare PVDF membrane (Figure 
4.3c) shows a porous structure with an average pore size of 262 ± 60 nm. The polyester 
backing of the bare PVDF membrane is clearly visible in Figure 4.3d. The diameter and 
morphology of the membrane pores decreased substantially after the PAA polymerization 
reaction, becoming uniformly circular and smaller with an average pore size of 65 ± 7 nm 
(Figure 4.3e); which conform with our earlier reported works 39, 146. The pores of the 






Figure 4.3 ATR-FTIR spectra of (a) Blank PVDF membrane (blue line), (b) 
Functionalized PAA-PVDF membrane (green line); SEM images of (c) A bare PVDF 
Membrane (top surface) showing the open pore networks, (d) Back (polyester support 
materials) of the bare PVDF membrane, (e) Functionalized PAA-PVDF membrane. The 
white circles encircled some of the pores remaining after functionalization. 
  
61 
4.4 Contact Angle Measurement and Surface Zeta Potential Analysis 
Contact angles (water, pH ~5.5) of the bare and functionalized PVDF membrane 
were measured to assess any change in the hydrophilicity of the modified layer. The contact 
angle decreased from 79.96o (±3.86o) to 55.90o (± 0.06o), indicating the membrane became 
more hydrophilic upon functionalization with PAA polymer. A sessile drop method was 
used to measure the contact angle of bare PVDF membrane. However, for hydrophilic 
surfaces it is difficult to measure the contact angle by sessile drop method due to: i) high 
surface free energy that causes water droplet to spread rapidly, and ii) fast absorption of 
water by PAA hydrogel 165. To overcome those limitations, a captive bubble method was 
used for functionalized PAA-PVDF membrane 166-167. 
The surface zeta potential of the bare PVDF and the functionalized PVDF 
membranes were compared to study the change in surface charge. Figure 4.4 shows the 
comparison of the pH dependence of the zeta potential for blank PVDF membrane (green 
line) to that of functionalized PAA-PVDF membrane (red line). The blank PVDF 
membrane is showing overall negative change distribution on the surface. The blue line in 
the graph is representing the commercial hydrophilized PVDF membrane confirming the 
same trend of surface charge distribution as functionalized PAA-PVDF membrane. The 
PAA-functionalized membrane shows a phase transition (isoelectric point) near pH ~2.6, 
which is attributed to the pKa value of carboxyl groups present in PAA 146, 168-169. A change 





Figure 4.4 Comparison of zeta potential as a function of pH for PVDF and PAA 
functionalized PVDF membranes. 
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4.5 Water Permeability Studies of pH Responsive Functionalized Membranes 
To determine the pH response of the PAA functionalized membrane and the effects 
of monomer (M) and cross-linker (X) concentrations on its permeability, water flux tests 
were performed on six different batches (mentioned in Table 3.1 in chapter 3) of 
membranes. The role of pH in the responsive behavior of the PAA functionalized 
membranes is thoroughly documented in literature 6, 18, 170. The water permeability of the 
bare PVDF membrane was found around 6250 L·m-2·hr-1·bar-1 (LMH/bar) at pH 4. 
However, the permeability dropped substantially after functionalization making the 
membrane pH responsive. This responsive behavior of PAA-PVDF membrane allows the 
water permeability to be changed in response to different pH environments. In Figure 4.5 
the effects of pH on the water permeability of the PAA-PVDF functionalized membrane 
are shown. PAA hydrogel can swell or shrink by tuning its protonation state and the molar 
mass of the solution 170. At high pH, PAA swells, resulting in a decrease in the effective 
pore size and water permeability. On the contrary, when the permeate pH is decreased, the 
polymer chain shrinks and the pores return to their original size, thereby increasing water 
permeability. 
The permeability of the membranes shown in Figure 4.5 decreased with increasing 
pH, confirming the successful PAA functionalization within the PVDF pores. This 
behavior of membrane water permeability is consistent with previous findings 18, 26, 146. In 
Figure 4.5a the water permeability of batch C (M = 10 wt.%, X = 2 mol%) is provided. 
The water permeability with a different pH in Figure 4.5a can be fitted (continuous line in 
Figure 4.5a) with the equation 4.1 to obtain the pKa value 18. The resulting pKa value is 
5.8 for batch C, where, A,max = 116 LMH/bar (low pH) and A,min = 59 LMH/bar (high pH). 
In equation 4.1, A is the membrane water permeability in LMH/bar. Similarly, the water 
permeability data of batch F (M = 20 wt.%, X = 2 mol%) with different pH (as shown in 
Figure 4.5b) can also fitted (continuous line in Figure 4.5b) with equation 4.1. In this 
case the value of pKa is 6. Here, A,max = 2.75 LMH/bar (low pH) and A,min = 0.4 LMH/bar 
(high pH). It is worth mentioning that, while increasing the monomer concentration (M) 
from 10 to 20 wt.% while keeping the cross-linker concentration (X) constant at 2 mol%, 
the water permeability drops about 42 times at low pH (4) and around 147 times at high 
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pH (8.5). This change in water permeability pattern for varying M and X confirms the 






















Figure 4.5 Typical water permeability profile of two different batches of functionalized 
membranes (a) Batch C (10 wt.% monomer and 2 mol% cross-linker), (b) Batch F (20 




Permeability data of six different batches of functionalized membranes at pH 4 and 
8.5 are presented in Figure 4.6. It is observable that with an increasing M and X 
concentrations, the permeability of water through the membrane decreases. This allows a 
wide range of variation of responsive behavior of PAA functionalized membranes in 
quantified terms of water permeability that ranges from 270 to 1 LMH/bar, by altering M 
(10 wt.% to 20 wt.%) and X (0.5 mol% to 2 mol%) concentrations. Permeability data at 
two different pH (4 and 8.5) widely varies, while M is 10 wt.%. But it does not vary in the 
same range when the M is 20 wt.%. Another interesting finding is that with 20 wt.% 
monomer concentration, the flux remains constant for a pH 4 and a pH of 8.5 when the 
cross-linker concentration is increased from 1 to 2 mol% (Batch E and F in Figure 4.6). 
Further addition of a cross-linker will not affect swelling property of the functionalized 
membrane anymore, resulting in a fixed of permeability. This is due to high entanglement 
of polymeric chains inside the PAA-PVDF membrane pores resulting hindrance for charge 
neutral carboxyl groups for chain expansion and contraction. This explains why the 
swelling of the PAA resulted in a saturated pore domain with 1 mol% of cross-linker, 
sufficient to keep the monomer chains apart and reduce the entanglement of polymer chain 
in membrane pores. Figure 4.6 confirms that the response behavior of PAA-PVDF 
membrane varies significantly in terms of difference in water permeability between low 
and high pH when monomer concentration is low (10 wt.%). However, it does not vary in 





Figure 4.6 (a) Permeability data of six different batches of functionalized membranes at 
pH 4 and 8.5, (b) The green box in (a) are zoomed to show permeability data of three 
batches (D, E and F) with 20 wt.% monomer concentrations. PAA-PVDF membrane area 
= 13.2 cm2. T = 22~23 °C. 
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4.6 Pd-Fe Nanoparticle Loading and Particle Size Distribution 
 To ensure that Fe2+ is immobilized in the PAA network of the functionalized 
membrane and does not precipitate out of the membrane pores, we monitored the release 
of the cation displaced by Fe2+ during ion exchange. For this reason and to prevent pH drop 
during Fe2+ capture, PAA-PVDF membranes were first ion exchanged with Na+ (Na+-
PAA-PVDF). There was no evidence of iron precipitation during immobilization, and no 
leaching of iron from the membrane was detected during the experiments. In Figure 4.7, 
it is demonstrated that the amount of Fe loading in mg/cm2 surface area (0.225 cm3 volume) 
of Fe-PAA-PVDF membrane is a function of different combinations of monomer (M) and 
cross-linker (X) concentrations. The amount of Fe loading varied from 2.83 to 12.4 mg per 
mentioned surface area which is equivalent of 0.21~0.94 mg/cm2 of membrane surface 
area. The difference of loading is due to variation of available carboxyl groups in the 
membrane pore domain. The Loading was minimum when M and X concentrations were 
minimum (10 wt.% and 0.5 mol%, respectively), which proves the presence of less 
carboxyl groups during the functionalization of membrane. On average, the Fe loading was 
found to be in the range of 6.5 to 8 mg with the same specific volume for most of the 
combinations of monomer and cross-linker densities. This means that variation of M and 
X does not confirm variation of the available carboxyl group in the membrane domain to 
perform double ion exchanges for in-situ synthesize Fe NPs in the membrane. 
However, Fe loading is maximized to a value of 12.4 mg in the same surface 
volume, when M and X densities are 20 wt.% and 1 mol% respectively. This suggests that 
a specific combination of M and X reveal a maximum amount of deprotonated carboxyl 
groups in the PAA chains in PVDF membrane in order to capture Fe2+ during ion exchange. 
In contrast, a slight increase in cross-linker concentration as in batch F (M:20 wt.% & 
X:2%) resulted in a lower loading (6.49 mg) of Fe (see Figure 4.7). This is due to the fact 
that a higher concentration of cross-linker results in an increase in the entanglement of the 
PAA chains in membrane domain, hindering the ability of the carboxyl groups to be 
involved in ion exchange. Such higher concentration also cause some of the swollen gel to 
come out of pores and lose the stability of the PAA gel 26. The permeability data during the 
Fe2+ ion exchange experiments are shown on the right y-axis of Figure 4.7. Interestingly 
during Fe+2 ion exchange the water permeability of membrane increases slightly compare 
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to that of PAA-PVDF membrane due to overall charge positivity of membrane, especially 
when the monomer concentration is 10 wt.%. However, this observation is not so 
prominent when monomer concentration is 20 wt.%, indicating that at higher concentration 
of monomer and cross-linker the PAA-PVDF membrane is losing its responsive nature in 
course of Fe2+ loading. The most interesting aspect of responsive nature of PAA-PVDF 
membrane is, it is always possible to restore responsive nature by dislodging the NPs if 
there is any significant loss of reactivity performance of NPs. This attribute makes it 
suitable for long time usage. After the Fe NPs are synthesized by reduction with NaBH4, 
solution of K2PdCl4 solution (Pd as 1 wt.% of Fe) was passed through Fe-PAA-PVDF 
membrane reducing Pd2+ to Pdo for all the batches of membrane. 
In order to understand the impact of variation of monomer and cross-linker 
concentrations on the metallic NP size distribution during ion exchange process, the size 
distribution of NPs was measured on the surface and inside the membrane pores after the 
immobilization of the Pd-Fe NPs. PAA acted as a stabilizer of the Fe precursor in the NP 
synthesis. It also able to control the particle size depending on the available proximity 
distance between polymer chains. Both the rates of nucleation and particle growth could 
be retarded in presence of PAA in functionalized membrane pores 17, 171. In Figure 4.8 we 
have shown the variation of the Pd-Fe particle size distribution for different batches of Pd-
Fe-PAA-PVDF membranes in a bar chart. At the top of all blue bars in Figure 4.8, we put 
the average value of particle size with their standard error of the mean. The average particle 
size varies from 16 to 23 nm, which agrees with available reported data 172. However, 
around 68~87% of NPs fall in the range of 10~25 nm for different combinations of M and 
X. In Figure 4.8, it is also shown that when the X concentration increases while the M 
concentration is kept the same, the percentage of smaller particles (green bars) has 
increased and vice versa (red bars). This implies that by tuning the cross-linker 
concentration during the polymerization reaction it is possible to get much smaller particles 





Figure 4.7 Bar charts for the amount (mg) of Fe loading for different batches of 
functionalized membranes (membrane surface area = 13.2 cm2, membrane volume = 0.225 
cm3), water permeability data during Fe2+ ion exchange are shown in right hand side y-





Figure 4.8 Particle size distribution and average particle size of different batches of 
functionalized membranes (total count is in the range of 300~400 NPs). 
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4.7 Statistical Analysis between Input (Monomer and Cross-Linker) and Response 
Variables 
 A two-way factorial design with repetitions was performed in order to determine 
whether the M and X concentrations significantly affected the response variables. To 
perform statistical analysis, it has been considered M has three levels (0, 10 and 20 wt. %) 
and X has four levels (0, 0.5, 1.0 and 2.0 mol %). Although numerous responses resulting 
from these combinations of M and X can be analyzed, such as the NP size or the rate of 
reaction; however, these responses are affected mainly by two main responses: i) the 
amount of PAA present within the functionalized membranes (mass gain) and ii) the 
permeability (A). Permeability was considered because it is a dynamic response on the 
actual separation/reaction process on PAA-PVDF membrane platform, unlike the static 
mass gain. As the permeability changes with pH, the response analyzed is the ratio between 
permeability values at high pH and at low pH (Amin/Amax). The change in responsiveness 
factor (Amin/Amax) could affect ion exchange process, hence affecting Fe loading, NP size 
and, dechlorination performance. The present analysis was performed with 95% 
confidence in all cases. 
A response surface design was selected to better understand the response results. 
This methodology was used to refine the models after determination of the factorial design 
analysis (discussed in detail in section 4.7.1) and helps to detect curvatures in the response 
surfaces. The Interaction effects and main effects (individual effects) of the concentrations 
of M and X on mass gain (%) and responsive factor (Amin/Amax) are shown in Figure 4.9 
and Figure. 4.10. In Figure 4.11 the raw response surfaces (in color scale) and the fitted 
values (contours) are shown as a function of M and X. The effects of M and X 
concentrations are increasing for mass gain but decreasing for the responsiveness 
(Amin/Amax). The regression equations for each response surface are: 
 
Mass Gain (%) = -1.04×10-16 - 0.46·M + 1.84×10-16·X + 0.031·M2 - 6.58×10-17·X2 
+ 0.54·MX … … … … … … EQ (𝟒. 𝟐) 
 
Amin/Amax = 1.14 - 0.037·M - 0.57·X + 0.0015·M2 + 0.28·X2 - 0.02051·MX  
… … … … … … EQ (𝟒. 𝟑) 
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As mentioned in the factorial design analysis (section 4.7.1), the effect of X is not 
significant above 1.0 mol % for almost all mass gain values. The value of mass gain 
increases only where X is higher than about 1.8 mol % and M is higher than 15 wt. %. As 
expected, mass gain increases with an increase in M for all cases as depicted in Figure 
4.11a. However, the responsiveness (Amin/Amax) decreases with an increase of M (Figure 
4.11b). Since more PAA is in the membranes at higher M, the swelling is larger at higher 
pH. However, when X ≤ 0.5, Amin/Amax does not change significantly due to fewer polymer 
entanglements, decreasing the swelling capacity of the cross-linked PAA. It is worth 
mentioning that these statistical analyses between input variables (M and X) to response 
variables only work for the type of membrane selected for these experiments and any 
changes in the membrane support (pore size, thickness, etc.) will affect the responses. 
However, the discussed procedure related to the parameters of the examined membrane 
can be extended to other membrane types as well. 
4.7.1 Factorial Design Analysis 
According to the results obtained from the factorial design analysis, it is concluded 
that M and X have significant effects on mass gain and responsiveness ratio (Amin/Amax), 
shown in Figure 4.9 (interaction effects) and Figure 4.10 (main/individual effects). The 
effect of different levels of M depends on what level of X is present. The interaction 
between M and X is synergistic in nature for most of the responses. This means that the 
effect of M and X is greater than the sum of their individual effects. M and X levels 
reinforce each other’s effects. For mass gain, X has almost no effect due to their low 
concentration (almost parallel lines), only affecting when its concentration is the highest 
(2.0 mol%). The regression also confirms this with the coefficients for X to the order of 
magnitude of 10-16, (see equation 4.2). The responsiveness (Amin/Amax) is negative as 
expected, at higher monomer concentrations, due to the PAA’s swelling blocks the 
membrane pores. This is also true in the synergistic interaction (Figure 4.9b), where the 
biggest effect on the decreasing responsive factor (Amin/Amax) is when X is at the highest 
value (2.0 mol %). For the main/individual effects (Figure 4.10), one can see that M has 
steep and positive effects in mass gain but not in responsiveness (Amin/Amax). 
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4.7.2 Response Surface Design Analysis 
A statistically significant interaction between M and X exists. M contributes the 
most in the responses, as shown in Figure 4.9 and Figure 4.10, and larger contributions 
from X are at high M values. This is important because there is a non-synergistic interaction 
when X is 2.0 mol %, which is related to less mobility of the PAA chains; that could impede 
complete ion exchange of Fe ions into the membrane matrix, hence the results in low Fe 
loading. 
From an analysis of variance (ANOVA) and a Normal Probability test of the 
residuals, it can be concluded that the residuals are adjusted to a normal distribution. It was 
evident that the residuals did not have a recognizable behavior or pattern with respect to 
the analyzed variable or to the order of the experiments, thus the assumption of randomness 
was verified. This behavior was not seen in the normal probability plot of the residuals for 
permeability. This is due to the lack of squared terms in the response model from the 
factorial design, which can be added into a subsequent response surface design. With 
respect to the response in permeability discussed previously, the quadratic effect of the X 
is statistically significant, along with the other effects surpassing the significance limit. 
This quadratic effect (once included, the effect is redistributed) contributes significantly to 





Figure 4.9 Interaction effects of the concentrations of monomer, M (wt.%) and cross-





Figure 4.10 Main effects (Individual effects) of the concentrations of monomer, M (wt.%) 
and cross-linker, X (mol%) on Mass Gain (%) and Responsiveness Factor (Amin/Amax). (a) 
Mass Gain (%) to M (wt.%), (b) Responsiveness Factor (Amin/Amax) to M (wt.%), (c) Mass 





Figure 4.11 Response surfaces and depth profiles based on the concentrations of monomer, 
M (wt. %) in x-axis and cross-linker, X (mol%) in y-axis. Experimental response surface 
is in color scale and fitted response is in contour. On the right and upper sides for X and 
M, respectively, a depth profile is shown maintaining the other factor constant at different 
intervals. (a) Mass Gain (%), (b) Permeability ratio, Amin/Amax. 
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CHAPTER 5. CHARACTERIZATION OF BIMETALLIC NANOPARTICLE AND EFFECT OF 
NANOPARTICLE LOADING ON PAA-PVDF MEMBRANES FOR PCB 
DEGRADATION 
5.1 Overview 
This chapter discusses the characterization of bimetallic nanoparticles in solution 
phase as well as in membrane. These Pd-Fe nanoparticles and Pd-Fe-PAA-PVDF 
membranes are characterized by TEM, EDS, XRD, XPS, SEM, and FIB to reveal the 
details about the nanoparticles size, shape and size-distribution in solution phase as well as 
in membrane surface and pores. It also covers how the different nanoparticle loading 
effects the rate of degradation of 3,3',4,4',5-pentachlorobiphenyl (PCB 126) of pore 
functionalized polyvinylidene fluoride (PVDF) membranes. From Chapter 4, NP loading 
was found to vary from 0.21~0.94 mg per cm2 of membrane area depending on the 
variation of available carboxyl groups in membrane pore domain. The NPs functionalized 
membranes were then tested for use as a platform for the degradation of PCB 126. The 
observed batch reaction rate (Kobs) for PCB 126 degradation for per mg of catalyst loading 
was found 0.08~0.1 hr-1. Degradation study in convective flow mode shows 98.6% PCB 
126 is degraded at a residence time of 46.2 seconds. The corresponding surface area 
normalized reaction rate (Ksa) is found about two times higher than Ksa of batch 
degradation; suggesting elimination of the effect of diffusion resistance for degradation of 
PCB 126 in convective flow mode operation. Sections 5.2 to 5.5 are published in Islam et 
al. (2018). 
5.2 Preparation and Characterization of Solution Phase Zero Valent Iron and Pd-
Fe Nanoparticles 
 Before immobilization of nZVI in the pore matrix of the functionalized PAA-PVDF 
membrane, iron NPs in solution phase were prepared by dissolving FeCl2 salt in 
deoxygenated water (pH 5.5~5.7). Afterwards, the addition of NaBH4 in the solution was 
used to reduce the Fe2+ to Feo. From TEM images of Figure 5.1a, b, c we can see all the 
NPs diameters are in the range of 5 ~33 nm. In addition, HRTEM images in Figure 5.1d 
confirms formation of amorphous Fe structures together with iron oxides on the edges 
which is consistent with the literature 27, 173-175. Further, peaks from the EDS spectrum in 
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Figure 5.2 confirm the formation of Fe NPs in the solution phase. The Pd-Fe NPs are 
prepared in solution phase are analyzed by XRD. The crystalline structure of Pd, and Fe 
were analyzed and confirmed through comparison with XRD patterns published in the 
literature 39. In Figure 5.3 the XRD pattern of crystalline phases of bimetallic Pd-Fe 
nanoparticles were demonstrated. Based on the dominant peak and using Scherrer 
formula the particle size could be measured 176. In this case the metallic Fe[110] is the 
dominant peak and corresponding particle size was calculated is around 16 nm, which falls 






Figure 5.1 TEM images of Fe nanoparticle formed in solution phase. The sample was 
placed over copper grid during imaging. (a) magnification 20 K, (b) magnification 50 K, 





Figure 5.2 EDS spectrum showing elemental peaks of Fe nanoparticle formed in solution 





Figure 5.3 XRD pattern of Pd-Fe nanoparticles showing characteristics peaks for 
elemental Pd and Fe. The nanoparticles are prepared in solution phase and dried under 
vacuum before characterizing by XRD. 
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5.3 Surface Analysis of Pd-Fe-PAA-PVDF Membrane by XPS Analysis 
The Fe and Pd NPs are immobilized in the PAA-PVDF membrane pore domain 
following the method discussed earlier. Figure 5.4 shows a typical FIB-SEM image which 
confirms a homogeneous immobilization of NPs in Pd-Fe-PAA-PVDF membrane surface. 
The XPS analysis results shown in Figure 5.5 was performed to study the surface 
composition of Pd-Fe-PAA-PVDF membrane. The XPS survey scan (Figure 5.5a) shows 
the presence of Pdo and Feo over the top surface of the membrane. In addition of Pd and Fe 
peaks, the other observed peaks are for the elements C, N, O, F and Na. The C 1s peak at 
binding energy of 289 eV is due to the presence of carbon in PVDF, AA and cross-linker 
MBA. The N 1s peak at binding energy of 402 eV is for N as amide (-NH2) in cross-linker 
MBA. The O 1s peak at binding energy of 534 eV is due to the presence of O in carboxyl 
groups (-COOH). The F 1s peak at binding energy of 691eV is for F which is present in 
fluorocarbon groups ( ̶ CF2 ̶ ) of PVDF. A small peak of Na 1s was observed around binding 
energy of 1074 eV due to presence of some Na while reducing Fe2+ to Feo and Pd2+ to Pdo 
using sodium borohydride. The distinct doublet peaks for Fe 2p which are observed at 
binding energies of 713 and 727 eV are assigned for Fe 2p3/2 and Fe 2p1/2 are due to 
presence of Feo which is clearly shown in Figure 5.5b 177. Apart from that Fe 3p and Fe 3s 
peaks are observed at the binding energies of 60 and 98 eV respectively depicted in survey 
scan in Figure 5.5a. Two doublet peaks at binding energies of 338 and 343 eV are 
attributed to Pd 3d5/2 and Pd 3d3/2, associated with Pd
o that was deposited on top of Fe NPs 




Figure 5.4 FIB-SEM image of the surface of the Pd-Fe-PAA-PVDF membrane (10 wt.% 







(b)                                                                       (c) 
Figure 5.5 XPS spectrum of Pd-Fe-PAA-PVDF membrane. (a) Survey scan on the top 
surface of the membrane showing presence of the elements Pd, Fe, C, N, O, F and Na, (b) 
The doublet peaks for Fe 2p are assigned for Fe 2p3/2 and Fe 2p1/2 are due to presence of 
Feo, (c) Two doublet peaks are attributed to Pd 3d5/2 and Pd 3d3/2, associated with Pd
o which 
is deposited on top of Feo. 
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5.4 Pd-Fe-PAA-PVDF Membranes Pore Characterization by FIB-SEM and TEM 
Immobilization, size and morphology of the Pd-Fe NPs inside the pores at various 
depths were measured using FIB-SEM as shown in Figure 5.6. Some aggregations of Pd-
Fe NPs were observed in surface (Figure 5.4) but fewer aggregates and more homogeneity 
of the Pd-Fe NPs were observed inside the pores as shown in Figure 5.6. At a depth of 
3.196 µm from the top surface we can see (Figure 5.6a) all Pd-Fe NPs are well 
immobilized on the wall of the pores. For another membrane with different combinations 
of M and X, we also observe (Figure 5.6b) the even distribution of Pd-Fe NPs inside the 
pore. However, due to a smaller distance (500 nm) from the top surface, few aggregations 
of NPs were detected. This explains why with the increase of the distance from the top 
surface the Pd-Fe NPs are uniformly immobilized. In Figure 5.6c a zoomed image of the 
square box in Figure 5.6a is shown, which confirms that most of the Pd-Fe NPs are circular 
in nature. It is very interesting to find out that particle size inside the pores are smaller 
(9~14 nm) in size than those on the surface (16~23 nm) as well as more uniformly dispersed 
in pore wall. To explain this phenomenon during immobilization of Pd-Fe NPs, PAA-
PVDF membrane has been exposed to a constant pressure gradient throughout convective 
flow mode ion exchange process. This overcomes the mass transfer limitation during 
immobilization process resulting less agglomeration of NPs, well dispersion of NPs inside 
pore domain ultimately creating smaller NPs inside 178. However, on the surface the initial 
immobilized NPs are exposed continuously exposed in order to make more clusters of Pd-
Fe NPs resulting relatively bigger NPs. 
Finally, the inner surface of the membrane was characterized by TEM, high 
resolution TEM and selected area electron diffraction (SAED) as shown in Figure 5.7. A 
typical TEM image of the inside surface of Pd-Fe-PAA-PVDF membrane is shown in 
Figure 5.7a, where one can distinctly see the dispersion of Pd and Fe NPs. The light grey 
areas are Fe NPs and the darker ones are Pd NPs, further confirmed by a single point 
scanning transmission electron microscopy (STEM) and point EDS shown in Figure 5.8. 
It is also clear from Figure 5.7a that, most of the Pd NPs are deposited on the surface of 
the Fe NPs, and not over the carbon polymer layer. The EDS spectrum taken in the same 
area shown in Figure 5.7b, demonstrates the presence of Pd and Fe peaks. In Figure 5.7c 
SAED pattern displays a diffraction halo (representing core carbon of the polymer) and 
87 
multiple diffraction rings, representing different phases of Pd and Fe elements which agrees 
with literature 27, 47. All these characterizations by TEM were conducted by removing a 
thin lamella of membrane from the inside of the membrane with the help of FIB depicted 
in Figure 5.7d. Lastly, line scanning of the inner surface performed in STEM mode 
(Figure 5.7e) further reveals a uniform distribution of Pd and Fe elements (Figure 5.7f) 
inside the Pd-Fe-PAA-PVDF membrane. In addition of detail characterization of the Pd-
Fe-PAA-PVDF membrane with TEM, the elemental mapping inside of the functionalized 
membrane was performed using FIB. Figure 5.9 demonstrates the elemental mapping of 
the Pd-Fe-PAA-PVDF membrane. The Pd and Fe are well incorporated inside the pore 
domain of PAA-PVDF membrane which is clear from Figure 5.9. The corresponding EDS 
analysis in the same area of the lamella shows the atomic distribution of Pd and Fe elements 





Figure 5.6 FIB-SEM images of Pd-Fe-PAA-PVDF membrane inner pores showing 
presence of Pd-Fe nanoparticles inside the pores. (a) Distance from the top surface in 3.196 
µm (10 wt.% of monomer, 1 mol% of cross-linker, 2.83 mg of Fe and 1 wt.% of Pd), (b) 
Distance from the top surface is 500 nm (10 wt.% of Monomer, 2 mol% C. L., 7.22 mg of 
Fe and 1 wt.% of Pd), (c) Zoomed image of the white squared box area of image (a) 





Figure 5.7 Inner surface (a thin lamella was prepared and lifted out from the inside with 
the help of FIB) of the Pd-Fe-PAA-PVDF membrane (20 wt.% monomer and 1 mol% 
cross-linker) characterized by TEM, HRTEM and selected area electron diffraction 
(SAED). (a) A typical TEM image of the inner surface showing Pd/Fe nanoparticles (50 K 
magnification), (b) Reproduced EDS spectrum showing peaks of Fe and Pd elements (100 
K magnification). During preparation of lamella, Gallium was used, and signal confirms 
that. The copper signal is due to the sample holder made of copper, (c) The SAED pattern 
shows a diffraction halo (representing core carbon of the polymer) and multiple diffraction 
rings representing different phases of Pd and Fe elements (100 K magnification), (d) The 
lamella of the inner surface where HRTEM and SAED were conducted (2K magnification), 
(e) Survey image of inner surface conducted STEM mode (200 K magnification), (f) 
Reproduced EDS signal profile for elemental mapping of the survey image (e) showing 






Figure 5.8 STEM images and EDS spectrum of Pd/Fe nanoparticles inside the membrane 
(cross-section of the membrane layer). All images are taken at 200 K magnification. (a) 
The encircled grey area representing Fe nanoparticles, (b) The encircled bright white area 
demonstrating presence of Pd nanoparticles on the top of Fe nanoparticles, (c) Another 
encircled grey area confirms the presence of Fe nanoparticles, (d) The encircled black area 
is showing the background of polymer layer which is mostly carbon, (e) EDS spectrum of 
image (a) showing Fe peak, (f) EDS spectrum of image (b) showing both Pd and Fe peaks, 
(g) EDS spectrum of image (c) showing Fe peak, (h) EDS spectrum of image (c) showing 





Figure 5.9 Elemental mapping inside the Pd-Fe-PAA-PVDF membrane conducted by FIB. 
(a) The part of the lamella where elemental mapping was conducted, (b) Distribution of 
Pd and Fe elements in the lamella, (c) Distribution of Pd (blue dots) in the selected area, 




(a)                                                                                (b) 
 
Figure 5.10 EDS analysis conducted on the lamella taken from the inside of the Pd-Fe-
PAA-PVDF membrane. (a) The area of the lamella where EDS was conducted. Blue dots 
representing presence of Pd and red dots showing presence of Fe elements, (b) EDS 
spectrum showing elemental peaks of Pd and Fe inside the membrane. 
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5.5 Dechlorination Study of PCB 126 Using Pd-Fe-PAA-PVDF Membranes 
 Immobilized Pd-Fe NPs on polymer domain of functionalized PAA-PVDF 
membrane offers an opportunity to study the dechlorination of PCB 126. Bimetallic Pd-Fe 
NPs have been extensively used for degradation of chlorinated organics for their superior 
catalytic activity 15, 43-44, 53, 179. However, mass transfer during dechlorination in Pd-Fe-
PAA-PVDF membrane platform could be critical due to its dependence on membrane pore 
size, porosity, Pd-Fe NPs loading, available reaction surface area, channeling and finally, 
fluid mixing during reaction. To address most of these issues, PCB 126 degradation in 
batch and convective flow modes were studied. Initially, solution phase dechlorination 
experiment was conducted. In this case, almost all the PCB 126 was converted to biphenyl 
within 4 hours, as shown in Figure 5.11. 
5.5.1 Degradation Study Using Pd-Fe-PAA-PVDF Membranes in Batch Mode 
The dechlorination results from batch studies are shown in Figure 5.12. A control 
experiment was performed to address the evaporation of the reactant. The rate of PCB 126 
degradation varies with the different amount of Fe loading for different batches of 
membrane. From Figure 5.12 we see PCB 126 concentration reduces to 40%, while the Fe 
loading is 2.83 mg; whereas, it reduces to almost zero when the Fe loading is 12.4 mg, in 
a same time scale of 4.5 hrs. This suggests, it is possible to tune the dechlorination of PCB 
in same membrane surface domain, by manipulating the Fe loading. To explain this 
phenomenon, it is well documented that in presence of water Fe acts as electron source in 
corrosion mechanism 53. It continuously converting from Feo to Fe2+ making H2 gas and 
OH- radical. In presence of Pd, H2 is quickly converted to H·radical, which ultimately 
enhance the dechlorination reaction. The degree of surface Pd loading is proportional to the 
initial amount of Pd 53, 180. However, more Fe loading offers more Pd to do ion exchange 
and attach onto the Fe shell during ion exchange process. This ultimately creates more 
reactive Pd-Fe NPs surfaces available for dechlorination reaction in the membrane pore 
domain, proportional to the initial Fe loading. The maximum yield of biphenyl in the 
experiment was found around 63%, which defers from theoretical estimation. This 
deviation of mass balance is also reported in available literature 39, 181. Formation of PCB 
intermediates, adsorption of some biphenyl in hydrophilic membrane, and further 
degradation of biphenyl might account for this deviation 39. However, investigations have 
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shown that catalytic hydro-dechlorination by Pd usually leads to the formation of a small 
amount of chlorinated intermediates, likely to be attributed to complete dissociation of 
carbon-chlorine bonds at the Pd surface 53. 
PCB 126 dechlorination by Pd-Fe NPs follows a pseudo-first order rate law during 




= −Kobs𝐶 =  −𝐾𝑠𝑎𝜌𝑚𝑎𝑠𝐶 … … … … … … 𝐄𝐐 (𝟓. 𝟏) 
where, r is the reaction rate (mol·L-1·hr-1), C is concentration of PCB 126 (mol·L-1) at 
reaction time, t (hr), Kobs is the observed rate constant (hr
-1), Ksa is surface-area normalized 
rate constant (L·m-2·hr-1), ρm is the nanoparticle loading density (g·L
-1), and as is the 
specific surface area of Pd-Fe NPs immobilized in membrane (m2·g-1). In Figure 5.13 we 
have shown the variation of observed reaction rate Kobs (hr
-1) with loading (mg) of Fe in 
membrane domain. The observed reaction rate, Kobs (hr
-1) varies linearly from the value of 
0.22 to 1.35 (hr-1) with the amount of Fe loading from 2.83 to 12.4 mg for different batches 
of membrane. This means for per mg of catalyst loading in Pd-Fe-PAA-PVDF membrane 
the observed batch reaction rate (Kobs) for PCB 126 degradation is 0.08~0.1 hr
-1. On the 
right y-axis of Figure 5.13 data for surface normalized reaction rate, Ksa (L·m
-2·hr-1) is 
given, which varies from 0.033 to 0.054 (L·m-2·hr-1). Dechlorination of PCB 126 is a 
surface mediated reaction, which usually involves several steps in the overall reaction 
including the diffusion of reactant PCB 126 to the surface, a chemical reaction on the 
surface, and the diffusion of a product biphenyl back into the solution 53. For the variation 
of Fe loading from 2.83 mg to 12.4 mg in membrane pores, the loading densities (ρm) varied 
from 0.145 to 0.62 (g L-1). The specific surface area (as), also a function of Pd-Fe NPs 
diameter varied from 33 to 48 (m2 g-1) when the NPs diameters varied from 16 to 23 nm. 
As Ksa is a function of nanoparticle loading density (ρm) and specific surface area (as), it 
did not vary that much due to small variation of average Pd-Fe NPs diameter. However, 
the magnitude of variation results due to the difference in iron loading that is for loading 
density (ρm). Figure 5.13 shows that when the Fe loading is increased during the ion 
exchange experiment, the available Pd-Fe core shell structures also increase 




Figure 5.11 Solution phase study of PCB 126 degradation and biphenyl formation by Pd-






Figure 5.12 Batch study of PCB 126 degradation by three different batches of Pd-Fe-PAA-
PVDF membranes with different loading of Fe NPs. [PCB 126]o ~15 µM, [Fe] = 0.71 g/L 





Figure 5.13 Profile of observed reaction rate, Kobs (left y-axis) and surface area normalized 
reaction rate, Ksa (right y-axis) along with Fe loading on membrane effective surface area 
of 13.2 cm2. 
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5.5.2 Convective Flow Mode Degradation and Kinetics Study Using Pd-Fe-PAA-PVDF 
Membranes 
To understand the kinetics of PCB dechlorination in a convective flow mode, Pd-
Fe particles are regarded to be uniformly distributed in the assumed cylindrical pores inside 
the membrane. A laminar flow reactor (LFR) model could be perceived in this cylindrical 
pore due to the small Reynolds number (Re << 1) 182-183. For laminar flow in each 
cylindrical pore, the flow profile is described by equation 5.2 182: 
𝑢(𝑟) = 2𝑢0(1 −
𝑟
𝑅
)2 … … … … … … 𝐄𝐐 (𝟓. 𝟐) 
Where, 𝑅 is the pore size of the functionalized membrane. 𝑢0 and 𝑢(𝑟) are the velocities 
at center and radius r, respectively. 
Due to the large Peclet number (102~103) in this study, the mass diffusion term can be 
neglected from the general convection-diffusion equation. In addition, 𝑢(𝑟) is only related 
to pore radius. The convective-diffusion equation (at steady state) can be simplified and 
integrated as a function of pore axial distance shown in equation 5.3: 
𝐶(𝑟, 𝑧) = 𝐶(𝑟, 0) exp [−
Kobs𝑧
𝑢(𝑟)
] … … … … … … 𝐄𝐐 (𝟓. 𝟑) 
A cross-section averaging method was used to integrate the concentration over the radial 
dimension to obtain the mean concentration 𝐶̅ at certain axial distance z 182-183. The mean 









… … … … … … 𝐄𝐐 (𝟓. 𝟒) 
This equation can be used to fit Kobs values from experimental reaction data 
(𝜏, 𝐶?̅?𝑛𝑖𝑡𝑖𝑎𝑙, 𝐶?̅?𝑖𝑛𝑎𝑙). Matlab was used to find the most fitted Kobs. The Pd-Fe-PAA-PVDF 
membrane used in convective flow dechlorination was with maximum amount of Fe 
loading (12.4 mg/13.2 cm2 membrane surface area). The permeability during degradation 
study for this membrane was found around 1.33 LMH/bar. The residence time (𝜏) was 
varied by changing applied cell pressure from 8.16~11.56 bar. For residence times of 5.15 
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s, 11.2 s, 27.17 s and 46.2 s, the corresponding dechlorination percentages of PCB 126 
were found to be 84%, 93%, 98% and 98.6%, respectively as shown in Figure 5.14. In this 
experiment, we also ran a PCB 126 solution through a Fe-PAA-PVDF membrane as a 
control so as to detect any possible interference of nZVI. The fitted Kobs value was found 
to be 0.452 s-1. If the membrane is considered a plug flow reactor (PFR) the corresponding 
Kobs is found to be 0.09 s
-1. However, if the membrane is assumed to be a continuous 
stirred-tank reactor (CSTR) the Kobs is obtained to be 1.38 s
-1. The calculated Ksa (L·m
-2·hr-
1) for convective flow mode degradation in membrane platform was calculated from Kobs 
(0.452 s-1) data. The value of Ksa is 0.113 L·m
-2·hr-1 which is 2.1 times higher than Ksa of 
batch degradation results, suggesting degradation of PCB 126 in a convective flow mode 
eliminates the effect of diffusion resistance. Here comparing the Ksa values for both batch 
and convective flow mode degradation is just to confirm membrane-based platform for 
degradation of chloro-organics is much suitable, fast and less energy intensive. The 
experimental condition for both cases is different. In batch study, a fixed volume of PCB-
126 is exposed to chopped off membrane pieces. Continuous shaking is required to diffuse 
the PCB-126 through the membrane as most of the NPs are in the pores. While, in 
convection flow mode, PCB-126 passes through the membrane very fast due to applied 
pressure. It only allows very small amount of PCB-126 to pass through the membrane. This 
volume is equivalent of the void volume of the membrane. So, in large the experimental 
conditions are different. In this regard, surface-area normalized rate constant, Ksa brings a 






Figure 5.14 Convective flow study of PCB 126 degradation by Pd-Fe-PAA-PVDF 
membranes. Fe-PAA-PVDF membrane served as blank control. Laminar flow reactor 
model was used for experimental data fitting (dashed blue line). Here, M = 20 wt.%, X = 
1 mol%, [PCB]o ~15 μM, Fe Loading = 12.4 mg/13.2 cm
2 of membrane surface area, [Pd] 
~1 wt.% of Fe, pH = 5.6~5.7, T = 22~24°C. 
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CHAPTER 6. LAYER-BY-LAYER ASSEMBLED LACCASE ENZYME OF STIMULI-
RESPONSIVE PVDF MEMBRANES FOR CHLORO-ORGANICS 
DEGRADATION 
6.1 Overview 
This chapter discusses the versality of PVDF functionalized membranes as a 
platform for incorporation of bio-catalysts and nanostructured materials for efficient and 
benign environmental remediation. The existing techniques for remediating chloro-
organics in water consist of both physical and chemical means mostly using metal oxide-
based catalysts, despite associated environmental concerns. To offer bioinspired 
remediation as an alternative, we herein demonstrate a layer-by-layer approach to 
immobilize laccase enzyme into pH-responsive functionalized membranes for degradation 
of chloro-organics from water. Efficacy of these bioinspired membranes towards 
dechlorination of 2,4,6-trichlorophenol (TCP) is demonstrated under pressure driven 
continuous flow mode (convective flow) for the first time to the best of our knowledge. 
Over 80% of the initial TCP was degraded at optimum flow rate under an applied air 
pressure of about 0.7 bar or lower. This corresponds to degrading a substantial amount of 
the initial substrate in only 36 seconds residence time, which in a batch reaction take hours. 
This, in fact, demonstrates an energy efficient flow through system with potential large-
scale applications. Comparison of the stability of the enzyme in solution phase vs. 
immobilized on membrane phase showed a loss of some 65% of enzyme activity in the 
solution phase after 22 days, whereas the membrane-bound enzyme lost only a negligible 
percentage of activity in comparable time span. Finally, the membrane was exposed to 
rigorous cycles of TCP degradation trials to study its reusability. The primary results reveal 
a loss of only 14% of the initial activity after four cycles of use in a period of 25 days, 
demonstrating its potential to reuse. Regeneration of the functionalized membrane was also 
validated by dislodging the immobilized enzyme followed by immobilization of fresh 




6.2 Characterization of Laccase Immobilized Membrane 
The laccase functionalized membranes were characterized by ATR FT-IR, SEM, 
contact angle measurement, surface zeta potential measurement and XPS analysis to assess 
the successful incorporation of enzyme in PAA-PVDF membrane. 
6.2.1 ATR FT-IR Spectral Analysis 
ATR FT-IR spectra of PVDF and functionalized PVDF membranes attest to 
successful fabrication of the membranes. Figure 6.1 compares a PVDF membrane as 
supplied, a PAA-PAH functionalized PVDF membrane, and a laccase-functionalized 
PVDF membrane. The absorption peaks characteristic of fluorocarbon groups ( ̶ CF2 ̶ )of 
the PVDF chains lie in the region of 1050 – 1280 cm-1, as expected, for all the membranes 
(the PVDF, the PAA-PAH functionalized PVDF and, the laccase-functionalized PVDF) 
163. Successful polymerization of PAA in the membrane matrix is revealed by the 
appearance of new peaks at 1717 cm-1 and 1544 cm-1 (Figure 6.1, black line) corresponding 
to the carbonyl stretch and antisymmetric stretching of carboxyl groups ( ̶ COOH), 
respectively, of the polyacrylic acid polymer.164 The FT-IR spectrum of free laccase is 
known to include two absorption bands, near 1645 cm-1 and 1540 cm-1 corresponding to 
the peptide backbone amide I and amide II modes, respectively 184.Recorded spectra for 
laccase-functionalized PVDF membranes showed similar peaks (Figure 6.1, blue line). 
The peak at 1642 cm-1 was due to the stretching vibration of the C=O amide bond and the 
1545 cm-1 peak was assigned to the combination of bending vibration of the N-H bond and 
stretching vibration of the C-N bond of the peptide backbone, signifying immobilization 
of laccase on the membrane support 72. Moreover, the presence of more peaks (convolution 
of protein (-NH’s), protein (-OH’s) and water) features in the range 3500-3300 cm-1 
suggests the presence of the amine groups belonging to the protein. 
6.2.2 SEM Imaging of Laccase Functionalized Membranes 
The morphologies of the PVDF and PAA functionalized PVDF membranes were 
characterized by Scanning Electron Microscopy (SEM) as shown in Figure 6.2. The bare 
PVDF membrane (Figure 6.2a) shows a fairly porous structure with an average pore size 
of 192 ± 50 nm. The diameter and morphology of the membrane pores changed 
substantially after the PAA polymerization reaction, becoming uniformly circular and 
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smaller with an average pore size of 112 ± 5 nm (Figure 6.2b). These direct observations 
of pore diameter shrinkage demonstrate that PAA has polymerized into the pores. On 
successive modification of the membrane by immobilizing PAH and the enzyme the 
average pore diameter further reduced to 70 ± 12 nm as can be seen in the Figure 6.2c. 
6.2.3 Contact Angle Measurement 
To quantify any change in the hydrophilicity of the membranes, we compared the 
contact angle of water on functionalized membranes to that on bare PVDF membrane. The 
contact angle decreased from 80o to 56o indicating that membrane became more 
hydrophilic upon functionalization with the PAA polymer. This is consistent with the other 
spectroscopic characterizations of the membranes in indicating successful 
functionalization. As expected, the contact angles did not change significantly (Table 6.1) 
upon further modification of the membranes by putting in PAH and laccase into the pores. 
6.2.4 Surface Zeta Potential Analysis 
After polymerization of PAA, the next step in preparing the membranes was to add 
PAH and laccase. The success of these steps was assessed via comparison of the membrane 
zeta potentials, as the zeta potential measures the surface charge on the membrane. Figure 
6.3 shows the comparison of pH dependence of the zeta potential for PVDF membranes to 
that of functionalized PVDF membranes. The PAA-functionalized membrane shows an 
obvious phase transition near pH 3, which is attributable to the pKa of carboxyl groups in 
PAA. The surface charge for the PAH immobilized membranes were positive, as expected, 
due to the presence of the ammonium ions. The isoelectric point of the membranes shifted 
to ~3.5 after laccase immobilization (redline in Figure 6.3). These data are consistent with 
the literature value of ≈ 3.5 for the pI value of laccase from Trametes versicolor 185 











   
(c) 
 
Figure 6.2 Scanning Electron Microscopy (SEM) images of (a) bare PVDF membrane, (b) 
PAA functionalized PVDF membrane and (c) Laccase Immobilized PVDF membrane. 
  
106 
Table 6.1 Contact angle measurements for the membranes after each stage of fabrication. 
Stages of Functionalization of Membrane Contact Angle (º) 
Bare PVDF Membrane 79.96 (±3.86) 
Functionalized with PAA 55.90 (±0.06) 
Functionalized with PAA and PAH 56.69 (±2.24) 






Figure 6.3 Comparison of the zeta potential as a function of pH for PVDF, PVDF-PAA, 
PVDF-PAA-PAH and PVDF-PAA-PAH-laccase functionalized membranes. 
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6.2.5 XPS Analysis of Laccase Functionalized Membranes 
The surface compositions of bare PVDF membranes, PAA-functionalized PVDF 
membranes and laccase immobilized PVDF-PAA membranes were explored by X-ray 
photoelectron spectroscopy (Figure 6.4). Survey spectra of these membranes show that the 
functionalized PVDF membrane (Figure 6.4b) contains significant N and considerably 
higher C content than the bare PVDF membrane (Figure 6.4a). The N content of the 
functionalized membrane is explained by the cross linker, N, N'- methylenebisacrylamide 
(MBA) used during polymerization. Deconvolution of the C1s peak near 290 eV for the 
functionalized membrane yielded three peaks corresponding to carbon in C-C (285 eV), C-
O (287 eV), and the C=O (289 eV) functionalities (Figure 6.4c), in addition to a signature 
of C-F attributed to the PVDF support. Curve-fitting analysis of the XPS spectra for the 
laccase immobilized PVDF-PAA membranes fit well with the expected bond chemistry 
found in the enzyme (Figure 6.4d). The peak at the largest binding energy at 285 eV can 
be attributed to the abundant C–C bonds while the shoulder near 286 eV arises due to C–
N bonding in the peptide backbone. The peak near 289 eV is a broad peak and can be 
attributed to both peptide (N-C=O) and the carboxylate (O-C=O) bonds. The signature of 
C-F bond due to the PVDF support is still visible near 292 eV. These results further 










Figure 6.4 XPS survey spectra of (a) bare PVDF membrane, (b) PAA functionalized 
PVDF membrane, XPS C1s core-level spectra of (c) PAA functionalized PVDF membrane 
and, (d) laccase immobilized PVDF-PAA membrane. 
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6.3 Catalytic Activity of Free and Immobilized Laccases 
The kinetic parameters of enzymatic catalysis KM (the Michaelis constant) and kcat 
(the turnover number) for both free and immobilized laccase were determined using ABTS 
as the model substrate. The kcat reflects the rate of the catalytic steps whereas the KM 
signifies the substrate binding efficiency of the enzyme. The Table 6.2 data demonstrate 
that the apparent kcat value of immobilized enzyme is comparable to that of the free laccase, 
indicating that immobilization via the LBL strategy does not impair the catalytic active 
site. The apparent Michaelis constant, KM, for the immobilized membrane, however, 
increased nearly six times than the free enzyme. This higher KM of immobilized laccase 
than that of free laccase is consistent with restriction of substrate access to the active sites 
of the immobilized enzymes by slowed diffusion through the polymer matrices combined 
with repulsion by the polyelectrolytes. Similar observation of elevated KM values for 
immobilized systems compared to the free enzyme are reported in the literature, while the 
kcat values for immobilized systems lies anywhere between comparable to lower depending 
on the methodology and the success of the immobilization method 186. This higher KM for 
immobilized laccase compared to free laccase, decreased the catalytic efficiency (kcat/ KM) 
of the enzyme in the functionalized membrane. 
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Table 6.2 Michaelis-Menten kinetic parameters KM and kcat of free and immobilized 
Laccase. 
Laccase KM (µM) kcat (s-1) kcat / KM (s-1mM-1) 
Free 13.8±1.9 21.1±0.7 1528.9±217.5 




6.4 Stability of Free and Immobilized Laccases 
For industrial application of biocatalysts better storage stability is an essential 
criteria. Thus, the stabilities of solution phase laccase and membrane-immobilized laccase 
were examined, both stored at 4 oC, and the results are shown in Figure 6.5. The laccase 
immobilized membranes were stored immersed in DIUF water (pH 5.9). Solution phase 
laccase lost 30% of its initial activity after 3 days and 65% after 22 days of storage. 
However negligible loss of activity was detected for the membrane-immobilized laccase. 
These results are consistent with earlier reports on stability of immobilized laccase 185. 
Enzymes are subject to damage mainly by other enzymes, chemicals, and extremes of pH 
and temperature. Unlike in the solution state, immobilization imparts extra stability to the 
enzyme as it prohibits the individual enzyme molecules from interacting with each other. 
In another words, the unfolding movements of the enzymes are restricted thereby inhibiting 
subsequent aggregation processes under these conditions 187. Furthermore, as the 
immobilized membranes were stored immersed in DIUF water there is little chance of 
contamination with other chemicals. One more interesting advantage of the immobilization 
in membrane is that, the immobilized enzymes are inaccessible to bacteria due to the small 
size of the pores and hence to other enzymes that those bacteria might produce. Lastly, the 
storing pH is near neutral, so there are no concerns over the denaturation of the protein 
during storage. These factors combined to contribute towards the higher stability of the 




Figure 6.5 Comparison of storage stability of solution phase and membrane-immobilized 
laccase stored at 4 °C (DIUF water, pH 5.9). 
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6.5 Degradation and Removal of TCP by Laccase Immobilized Membranes 
In order to demonstrate the applicability of the laccase-functionalized membrane 
towards remediation of contaminated water, an aqueous solution of TCP was passed 
through the membrane under positive pressure of air from a gas tank. It should be noted 
here that laccase uses oxygen as the electron accepting secondary substrate during the 
oxidation of the primary substrate. Thus, the air flow from the air gas tank serves dual 
purpose; (i) ensures continuous oxygen atmosphere and (ii) maintains necessary positive 
pressure for controlling the flow rate. Initially the permeate was analyzed by UV-Visible 
spectroscopy to check the changes in the absorption behavior of TCP to confirm its 
conversion to metabolic products. TCP absorbed in a wide range from 280-300 nm 
(absorption maxima at ~295 nm) with two soldiers around 230 nm and 310 nm (Figure 
6.6). The permeate (light pink in color), however, absorbed at significantly different 
wavelength with a peak maxima at 277 nm, presumably attributable to the formation of 
dichloro-1,4-benzoquinone 188,which clearly demonstrates the metabolism of the TCP 
molecules. A closure look at the spectra in the visible region displayed another broad peak 
near 525 nm which can be attributed to the formation of 2,6-dichloro-3-hydroxy-1,4-
benzoquinone 188. HPLC analysis along with the UV-vis spectra of the permeate solutions 
revealed diminution of the TCP content and new presence of various oxidation products of 
TCP (Figure 6.7). Similar observations were made by Hu et al. in their study of degradation 
of TCP with the formation of various oxidation products along with a pink coloration188. 
LC-MS analysis demonstrated that the peak recorded at about 8 minutes corresponds to 
dichloro-1,4-benzoquinone, the major degraded product of TCP (Figure 6.8).That the 
reaction corresponds to dechlorination was further confirmed by detection of 
approximately 1 mol chloride ∕ mol TCP degraded, as determined using a chloride sensing 
electrode (Figure 6.9). Control experiments were performed to check the presence of 
enzyme leached with the permeate during the degradation of TCP. We neither saw 
significant amount of enzyme by Bradford assay (Figure 6.10) nor saw significant enzyme 
activity towards ABTS (0.2 mM, pH 5.8) in the aliquots from the permeate. It should be 
noted that had the enzyme been leached out from the membrane (and the degradation of 
TCP had been due to the released laccase in the permeate), there would have been a gradual 
change in the concentration of the TCP in the collected permeate samples over time. 
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However, the amount of TCP and the chloride concentration in the permeate collected did 
not change with time (within ~24 hours) confirming no significant leaching of enzyme with 
the permeate. 
Under HPLC conditions, TCP had a retention time of 11 minutes (Figure 6.7) and 
this peak was used to quantify the amount of TCP degraded as a function of different flow 
rates (Figure 6.11). The data indicated that more than 80% of the TCP could be degraded 
at flow rate of 2 LMH under applied pressure of 0.7 bar or lower. This data showing 
remarkable degradation at a considerably low applied pressure, suggests an encouraging 
energy efficient flow through system with potential implementation beyond lab scale. The 
inset in Figure 6.11 shows the extent of TCP degradation as a function of residence time. 
It should be noted here that residence time is the average length of time during which a 
substrate is travelling through the pores and is different than a clock time. Residence time 
was calculated based on the permeability of the membranes. A high residence time 
indicates a lower flow rate which corresponds to lower applied pressure. The data in Figure 
6.11 demonstrate the advantage of flow through system over a batch reaction, degrading 
as high as 83% of the initial substrate in only 36 seconds residence time, which in a batch 
reaction takes hours. Table 6.3 summarizes several recent reports on both solution phase 
and immobilized laccase with applications mainly towards degradation of organic 
pollutants in waste water 189-197.These reports, including this current study, agree on 
moderately good activity of the immobilized laccase to support its potential application in 
the wastewater management system. Despite the substantial amount of research on laccase 
immobilized systems the practical applicability of this versatile enzyme is still limited 
mainly due to stability issues and resistance towards harsh pH and chemicals. Use of 
membrane as the support material might be an answer to such issues as undesired chemicals 
can be restricted from coming into contact with the enzyme and secondly any destructive 





Figure 6.6 Degradation of TCP with of PVDF-PAA-PAH-Laccase in a flow through 
experiment as studied by UV-Vis Spectroscopy. Inset showed the formation of visible color 
band. Experiments were performed at a temperature of 22 °C and a pH of 5.6 (In the legend 






Figure 6.7 Degradation of TCP (initial TCP Concentration 0.25 mM) with PVDF-PAA-
PAH-Laccase membrane in a flow through experiment as studied by HPLC (In the legend 





Figure 6.8 Chromatogram from LC-MS to show formation of dichloro-1,4-benzoquinone 




(a)      (b) 
Figure 6.9 (a) Degradation of TCP (initial TCP Concentration 0.25 mM), (b) chloride ions 
formed from degradation of TCP as a function of varied flow rate in a flow through 





Figure 6.10 Leaching of enzyme from immobilized membrane during TCP degradation 





Figure 6.11 Degradation of TCP by laccase-functionalized membrane as a function of flow 
rate 3.2 mg enzyme. 
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Table 6.3 Several recent reports on laccase immobilization and their performance. 
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Dye degradation 5-6 80 Reference 193  
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6.5.1 Effect of Different Amount of Laccase Enzyme Loading 
In order to demonstrate the degradation activity of the membranes with variable 
loading of enzyme, a series of membranes with three different enzyme loading, viz. 3.2, 
3.8, and 9.7 mg, were tested for its ability to degrade TCP. Normally as enzyme loading is 
tripled, one expects the conversion to go up by about 1.5 times if all the active sites can be 
accessed. Figure 6.12 shows the conversion did increase substantially (about 1.45 times) 
as the enzyme loading is tripled for a fixed residence time of 12 s. Figure 6.13 demonstrates 
degradation of TCP as a function of time as different enzyme concentration. Figure 6.14 
shows the overall effect of the enzyme loading on TCP conversion. This does indicate the 
impact of active sites crowding in the LBL membrane domain with high enzyme loading. 
6.5.2 Reusability of Laccase Incorporated Membranes 
The reusability of the enzyme-functionalized membrane as assessed as retention of 
capacity to catalyze degradation of TCP under convective flow mode is shown in Figure 
6.15. As evident from the figure, after 4 cycles of operation our enzyme-functionalized 
membrane displayed a loss of only 14%, of its initial activity, despite the duration of use 
of 25 days. As noted earlier, degradation of TCP leads to the formation of various oxidation 
products, some of which gets absorbed into the polymer matrix over time even after 
rigorous washing of the membranes. This limits the accessibility of the substrate TCP to 
the enzyme active site portraying a lower activity of the membrane during subsequent uses. 
As we do not see leaching of enzyme during the degradation studies some deactivation of 
the immobilized enzyme by the oxidized products seems to be a possible explanation of 
the loss of activity after repetitive use. We have also checked the reusability of the laccase 
functionalized membranes by regenerating the membranes by detaching the used laccase 
followed by immobilizing fresh laccase enzyme. The dislodging was achieved by 
permeating a 0.5 M NaCl solution (pH 7) through the membrane under pressure driven 
flow and then the fresh laccase was immobilized as mentioned before. ABTS activity assay 
of the dislodged membrane showed lowering of activity signifying detachment of 
approximately 85% of the immobilized laccase. The regenerated membrane after re-
immobilization of fresh laccase enzyme showed comparable activity to freshly prepared 
membrane as confirmed by the ABTS activity study. The detachment - reimmobilization 
steps were repeated to obtain consistent results. This study demonstrates the reusability of 
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the PAA-PAH functionalized membrane domain for laccase enzyme immobilization 






Figure 6.12 Degradation of TCP as a function of enzyme loading onto the laccase-





Figure 6.13 Degradation of TCP (initial TCP Concentration 0.25 mM) as a function of 
time at different enzyme concentration. Experiments were performed at a temperature of 





Figure 6.14 Degradation of TCP (initial TCP Concentration 0.25 mM) as a function of 






Figure 6.15 Reusability of the laccase-functionalized membrane for residence time of 12 
s. Experiments were performed at a temperature of 22 °C and a pH of 5.6. The initial 
substrate concentration was 250 µM. 
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CHAPTER 7. MULTIENZYME IMMOBILIZED PVDF MEMBRANE REACTOR FOR THE 
TRANSFORMATION OF A LIGNIN MODEL COMPOUND 
7.1 Overview 
This chapter covers the development a multienzyme functionalized membrane 
reactor for bioconversion of lignin model compound involving enzymatic catalysis. Layer-
by-layer approach was used to immobilize three different enzymes (glucose oxidase, 
peroxidase and laccase) into pH-responsive membranes. This novel membrane reactor 
couples the in-situ generation of hydrogen peroxide (by glucose oxidase) to oxidative 
conversion of a lignin model compound, guaiacylglycerol-B-guaiacylether (GGE). 
Preliminary investigation of the efficacy of these functional membranes towards GGE 
degradation is demonstrated under convective flow mode. Over 90% of the initial feed 
could be degraded with the multienzyme immobilized membranes at a residence time of 
approximately 22 seconds. GGE conversion product analysis revealed formation of 
oligomeric oxidation products with peroxidase, which might be potential hazard to 
membrane bioreactors. These oxidation products could be further degraded by laccase 
enzymes in the multienzymatic membranes explaining the potential of multienzyme 
membrane reactors. The multienzyme incorporated membrane reactors were active for 
about a month time of storage at 4 oC, and retention of activity was demonstrated after 
repetitive use. Sections 7.2 to 7.5 are published in Sarma, Islam et al. (2018). 
7.2 Solution Phase Activity Measurement of the Enzymes 
The initial activity of the laccase and HRP enzymes were measured in the solution 
state prior to immobilization with the conventional colorimetric assay in the presence of 
2,2´-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)-diammonium salt (ABTS). Figure 
7.1 shows solution phase activity of laccase and HRP enzymes used for immobilization It 
should be noted here that presence of multiple enzyme in the membrane makes it difficult 
to measure the activity assay of the immobilized enzymes. However, the loading of the 
enzyme into the membrane matrix was confirmed by the Bradford protein assay of the 
enzyme feed and the permeate during enzyme immobilization. In general, 35-60% of each 







Figure 7.1 Solution phase activity of (a) laccase and, (b) HRP used for immobilization. 
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7.3 Reactivity of the Membrane Bioreactors Towards GGE Degradation 
The applicability of the enzyme-functionalized membrane towards degradation of 
lignin model compound was demonstrated by passing an aqueous solution of GGE through 
the membrane in a dead-end cell. The multienzyme immobilized membranes had three 
enzymes on it (Lac, HRP and GO) to be able to work as bioreactor. It should be noted here 
that laccase uses oxygen whereas the enzyme HRP uses hydrogen peroxide as the electron 
accepting secondary substrate during the oxidation of the primary substrate. A continuous 
oxygen atmosphere for the laccase enzyme was maintained by air flow from the air gas 
tank, which also maintains necessary positive pressure for controlling the flow rate. During 
the experiments the necessary concentration of hydrogen peroxide was maintained by 
adding glucose into the feed which on reaction with GO produces hydrogen peroxide in 
situ. HPLC and LC-MS analysis of the permeate solutions was used to monitor diminution 
of the GGE content and to detect presence of various oxidation products of GGE as shown 
in Figure 7.2. The Figure 7.3 portrays the degradation of GGE by enzymatic membranes 
as function of different flow rates. The data in Figure 7.3 are from Lac-HRP-GO 
membrane (Feed 3.1 mM GGE) in the presence (blue diamonds) or absence (red circles) 
of glucose (3 mM) in the feed. The approximate amount of enzymes on the membrane used 
in this experiment were laccase 5.6 mg, peroxidase 5.3 mg and glucose oxidase 3.9 mg. 
The data indicated that with glucose in the feed close to 95 % of the GGE could be degraded 
at a flow rate of 15 liter·m-2·hr-1 (LMH) under applied pressure of around 4 bars. At such 
a slow flow rate (high residence time, 22 sec, Figure 7.4) comparable degradation could 
be achieved without glucose in solution (~85 %, 17 sec residence time). Comparison at a 
higher flow rate (lower residence time) reveals that the membrane works much better when 
all the three enzymes work simultaneously. A degradation as high as 90 % was achieved 
at 64 LMH (5 sec residence time, Figure 7.4) with glucose in the feed. In contrast, in the 
absence of glucose in the feed, the membrane could degrade only 65% of the initial GGE 
under similar flow rate. The data in Figure 7.5 is a GGE degradation profile from an 
independent laccase immobilized membrane. These data closely resemble the data from 
the multienzyme membrane reactor without glucose in the feed (Figure 7.3, red circle) to 
prove that in the absence of the necessary substrate, hydrogen peroxide, the multienzyme 
membrane reactor could act as a single enzyme membrane reactor. This demonstrates the 
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Figure 7.2 Degradation of GGE (initial GGE Concentration 3.1 mM) with PVDF-PAA-





Figure 7.3 Degradation of GGE by multienzyme-functionalized membrane. Experiments 
were performed at a temperature of 22 °C and a pH of 5.6. The initial substrate 





Figure 7.4 Degradation of GGE as a function of residence time. Experiments were 
performed at a temperature of 22 °C and a pH of 5.6. The initial substrate concentration 





Figure 7.5 Degradation of GGE by the laccase-functionalized membrane as a function of 
flow rate and. Experiments were performed at a temperature of 22 °C and a pH of 5.6. The 
initial substrate concentration was 3.1 mM GGE in water. 
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7.4 Reusability of Multienzyme Functionalized Membrane 
The reusability (3 repeat cycles) of the multienzyme-functionalized membrane as 
assessed by retention of its capacity to catalyze conversion of GGE under convective flow 
mode shown in Figure 7.6. In this case a membrane with laccase (3.3 mg) peroxidase (2.4 
mg) was used and stoichiometric amount of hydrogen peroxide was added into the feed 
(3.1 mM of GGE in water). As evident from the Figure 7.6, the enzyme-functionalized 
membrane displayed encouraging retention of activity, after multiple cycles of operation. 
This is consistent with our earlier observation 146 where we have discussed similar stability 





Figure 7.6 Activity of multienzyme functionalized membrane towards GGE degradation 
after multiple cycles. Experiments were performed at a temperature of 22 °C and a pH of 
5.6. The initial substrate concentration was 3.1 mM GGE in water. 
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7.5 Product Analysis of Conversion of GGE to Different Oxidation Products 
Effort was made to characterize the degraded products from the enzymatic 
reactions. LC-MS analysis of the reaction products of GGE conversion yielded multiple 
oxidized products with m/z ranging from 251 [M + Na]+ up to 979 [M + Na]+. Enzymatic 
conversion of GGE (MW 320) to multiple polymeric oxidized product with higher 
molecular weight is reported by other researchers as well 198. It is noteworthy to point out 
that generation of such oligomeric products is enzyme dependent. Our findings on this is 
that horseradish peroxidase usually generates the high molecular weight dimeric (m/z 661, 
B) and trimeric (m/z 979, C) products to a greater extent than the low molecular weight 
(m/z 251, A). However, laccase produces a higher amount of (m/z 251) than (m/z 661) and 
none of the higher ones were seen. To be specific, laccase produces 99% of A and only 
0.8% of B of the total GGE conversion product. In contrast, with HRP only 43% of the 
total GGE conversion product was A. Formation of B, in this case, was ten times more than 
in case of laccase reaction. Moreover about 2% of the trimeric adduct C was formed with 
HRP, which was not seen in the laccase reaction. All the data are tabulated in Table 7.1. 
The effect was also seen in case of the multienzyme membrane with formation of 62% of 
the degraded product A compared to only 0.7 and 0.4 % of the oligomeric products. Based 
on GGE degradation patterns it can be concluded that reactions performed by HRP resulted 
in oxidative oligomerization, probably formed through C−C coupling of the phenolic units 
199. Laccase, on the other hand, degrades the GGE and the oligomeric products from the 
HRP reactions through an alkyl-phenyl ether bond cleavage reactions.96 The fact that 
laccase was able to break down such oligomers to monomeric units justify the unification 
of multiple enzymes to the membrane reactor to protect its activity. Various such 
multienzymatic systems are studied from time to time 81-83, 97, 200. While immobilized 
enzymes generally have better stability over solution phase, the shortening of diffusion 
time of the substrate or transformed substrate from one enzyme to another enzyme in 
multienzymatic systems makes them more potent with higher observed catalytic activity. 
Jia et al. recently discussed a comparison of efficiency of substrate conversion by such 




Table 7.1 Conversion of GGE to different oxidation products. 
 
Reactors 
Of the Total GGE Conversion Product 









Laccase 99% 0.8% - 73% 
HRP 43% 9.9% 2.4% 57% 




CHAPTER 8. THIOL-FUNCTIONALIZED MICROFILTRATION MEMBRANE FOR HEAVY 
METAL REMOVAL FROM WATER 
8.1 Overview 
This chapter discusses the characterization and effectiveness of thiol functionalized 
membranes for heavy metal sorption under convective flow conditions. Specifically, this 
study explores the sorption capacity of ionic mercury in a polyacrylic acid functionalized 
polyvinylidene fluoride (PAA-PVDF) membrane immobilized with cysteamine (CysM). 
Here, CysM is used as a precursor of thiol groups. Thiol functionalized membrane was 
characterized by ATR-FTIR, zeta potential and contact angle measurement. Later, 
permeance results of membranes during various stages of thiol functionalization has been 
reported. Two methods of CysM immobilization to the PAA-PVDF membrane have been 
assessed. The i) ion exchange (IE) and, ii) carbodiimide crosslinker chemistry using 1-(3-
Dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS), known as EDC/NHS coupling. The ion exchange method 
demonstrates that cysteamine (CysM) can be immobilized effectively on PAA-PVDF 
membranes without covalent attachment. The effectiveness of the CysM immobilized 
membranes to remove ionic mercury from the water was evaluated by passing a dissolved 
mercury (II) nitrate solution through the membranes. The sorption capacity of mercury for 
CysM immobilized membrane prepared by the IE method is 1015 mg/g PAA. On the other 
hand, the sorption capacity of mercury for CysM immobilized membrane prepared by 
EDC/NHS chemistry is 2446 mg/g PAA, indicates membrane functionalization by 
EDC/NHS coupling enhanced mercury sorption 2.4 times compared to IE method. The 
efficiencies of Hg removal are 94.1±1.1 and 99.1±0.1% respectively, for the CysM 
immobilized membranes prepared by IE and EDC/NHS coupling methods. Finally, 
adsorption capacity of thiol functionalized membrane is compared with other commercial 
and reported materials. Sections 8.2 to 8.3 are submitted as manuscript as Islam et al. and 
section 8.4 are published in Hernández, Islam et al. (2020). 
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8.2 Characterization of Thiol Functionalized Membranes 
Functionalization of PVDF membranes to thiol membranes using EDC/NHS 
chemistry consists of multiples steps, with PAA-PVDF and NHS-PAA-PVDF 
functionalized membranes as intermediates. The different functionalization steps (PAA-
PVDF, NHS-PAA-PVDF, and Cys/CysM-PAA-PVDF) can be tracked by observing 
changes in ATR-FTIR spectra, surface charge (zeta potential) and interaction of the 
boundary layer of the functionalized membrane with water (surface water contact angle), 
which are discussed in detail in the following sub-sections 
8.2.1 ATR-FTIR Spectra Analysis of Thiol Functionalized Membranes 
Analyzing the absorption peaks of fluorocarbons, carboxyl, amine and thiol groups 
will ascertain the functionality of each step. The ATR-FTIR spectrum during measurement 
was set between 400 and 4000 cm-1. The built-in OMNIC software was used with the 
instrument to set and record the parameters of measurement. The resolution was set to a 
value of 4 cm-1, the number of scans was 64 respectively during FTIR measurement. The 
samples were placed on a diamond crystal while recording the signal. The ATR-FTIR 
spectra of different stages of membrane functionalization is shown in Figure 8.1. All the 
characteristic peaks are identified by comparing to the published data 100-101, 146, 163-164, 201. 
The characteristic peaks such as C-F bonds (~1170 cm-1), C-F2 bonds (~1200 cm
-1), and 
vibration of CH2 bending (~1400 cm
-1) of the blank PVDF membrane for are shown by the 
blue line in Figure 8.1 100, 163. The appearance of peaks around 1700 cm-1 and 1550 cm-1 
in Figure 8.1 (red line) is due to carbonyl stretch and antisymmetric stretching of carboxyl 
groups (-COOH), respectively, of the polyacrylic acid polymer 146, 164, 201. In addition, the 
broad peak in Figure 8.1 (red line) between 2700 and 3400 cm-1 is demonstrating the 
presence of O-H group from the synthesized polymer 164. Introduction of EDC/NHS 
chemistry on PAA-PVDF membrane leads to incorporate amine groups on PAA-PVDF 
functionalized membrane. The ATR-FTIR spectra of NHS-PAA-PVDF membrane is 
demonstrated in Figure 8.1 (green line). The appearance of a deformation peak centered 
at 1650 cm-1 wavelength could be attributed to amide II bending 101. The sharp peak around 
3300 to 3500 cm-1 is due to primary amine stretching. Primary amine produces two N-H 
stretching while secondary amides yields only one. The absorbance spectra of CysM-PAA-
PVDF membrane is depicted in Figure 8.1 (pink line). The small amide I band is visible 
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around wavelength 1650 cm-1, however it is smaller compare to the same peak for NHS-
PAA-PVDF membrane, due to incorporation of thiol (-SH) groups in the membrane 101. In 
addition, a broad peak in the wavelength range of 2450 cm-1 to 3500 cm-1 is clearly visible 
(pink line), which is sharply different than the broad peak of PAA-PVDF membrane (red 
line). This broad peak is due to overlap of amide II stretching peak and mercaptan (S-H 






Figure 8.1 The ATR-FTIR spectra of different stages of functionalization. The blank 
PVDF membrane is represented by the blue line, The PAA-PVDF membrane (red line) 
after functionalization of PVDF membrane with acrylic acid to introduce carboxylic groups 
(-COOH), The NHS-PAA-PVDF membrane (green line) while introducing EDC/NHS 
chemistry on PAA-PVDF membrane and, finally the CysM-PAA-PVDF membrane (pink 
line) after incorporation of thiol (-SH) groups in PAA-PVDF membrane. 
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8.2.2 Surface Zeta Potential of NHS-PAA-PVDF Membrane 
The surface charge (represented by zeta potential (ξ), also known as electrokinetic 
potential) of solid materials in contact with an aqueous solution gives an idea of charge 
distribution at the interface of a solid surface and the surrounding liquid to evaluate surface 
chemistry 202. The surface zeta potential (ξ) of NHS-PAA-PVDF membrane is depicted in 
Figure 8.2. The NHS-PAA-PVDF membrane was selected for zeta potential (ξ), 
measurements because it is expected to contain both carboxylic and amine groups. The zeta 
potential (ξ) as a function of pH titrations between 3 and 9, depicted in Figure 8.2, indicates 
two distinct changes in surface charge between pH 3 and 3.5 and between pH 8 and 9.5, 
indicating the presence of carboxyl groups and amine groups, respectively. The sharp 
changes of the surface charge for those pH ranges is due to the buffering effect of the 
corresponding carboxyl (pH 3~3.5 (Δξ = 16 mV)) and amine (pH 8~9 (Δξ = 7 mV)) groups 
151, 203, suggesting for this membrane pKa values around 3 and 8.5. For both carboxyl groups 
and amine groups, the pKa value shifts by 0.5 unit due to presence of charge repulsion 
groups and the for base PVDF layer present in the samples. 
8.2.3 Contact Angle Measurement at Various Stages of Functionalization 
The measured surface contact angle during each functionalization step are shown 
in Figure 8.3. PVDF membranes are hydrophobic in nature, resulting in a water contact 
angle of approximately 80o, which was measured by a sessile drop method. The PAA 
functionalized membranes evaluated in this study have more hydrophilic characteristics 
due to i) high surface free energy that causes water droplet to spread rapidly, and ii) fast 
absorption of water by PAA hydrogel, resulting in a lower water contact angle, which was 
measured by a captive-bubble method 166-167. The contact angle of PAA-PVDF membranes 
was approximately 57o due to changes in the surface properties from hydrophobic to 
hydrophilic 100. The EDC/NHS coupling resulting in the formation of NHS-PAA-PVDF 
membranes increased hydrophobicity, indicated by a water contact angle of 72 o. This 
increase in hydrophobicity is caused by the coupling of an NHS functional group to the 
hydroxyl group on the carboxyl functional group, impacting the hydrophilic nature of the 
carboxyl group. The subsequent amine exchange to form CysM-PAA-PVDF membranes 
did not significantly impact the water contact angle, suggesting that this step did not change 
the hydrophobicity of the membranes. The adsorption of Ag+, used as a model compound 
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for heavy metals, on CysM-PAA-PVDF membrane also did not change the contact angle 
significantly, implying that the transformation of thiol groups to Ag-thiol bond has little 





Figure 8.2 Surface zeta potential (ξ) of a NHS-PAA-PVDF membrane (Mass gain ~ 5 %). 
An electrolyte solution of 0.01 M KCl was used as background solution for pH titration. 
The measurement of ξ was conducted four times by flowing the electrolyte solution twice 
in forward and twice in reverse direction. 0.05 M HCl and 0.05 M of NaOH solutions were 
used for automated pH titration. Measurements of ξ for pH ranging between 2 and10 are 
shown. Strong declines in ξ between pH of 3 and 3.5 and between pH 8 and 9.5 is consistent 





Figure 8.3 Surface water contact angle of the top surface of PVDF, PAA-PVDF, NHS-
PAA-PVDF, CysM-PAA-PVDF and Ag-CysM-PAA-PVDF (after attaching Ag) 
membranes. The water pH was adjusted to 6.6-6.7. A sessile drop method was used for 
unmodified membranes (pH ~ 5.5). For other membranes air bubbles were used for captive 
bubble contact angle measurements at multiple locations of the samples. A 1~2 μL of DI 
water/air droplet was placed on the top of the membrane surface to measure the contact 
angle. A minimum of three measurements were collected at separate locations on each 
membrane surface. Average values and standard deviations are presented. 
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8.3 Permeance Study of Membranes at Various Stages of Thiol Functionalization 
EDC/NHS coupling is well known for incorporation of amine groups by reaction 
with carboxyl groups through covalent bonds to form an NHS ester. The resulting O-NHS 
group becomes a good leaving group that can be substituted by an amine containing thiol 
functional groups to form a stable conjugate thiol amide 102. However, there is no reported 
data on permeation results when this EDC/NHS chemistry is applied on solid substrate to 
incorporate thiol functionality. The permeance behaviour during each step of 
functionalization was evaluated. The results are shown in Figure 8.4. The water 
permeability of PAA-PVDF membranes was measured as approximately 133 LMH/bar, 
consistent with previous observations by this group 100. The permeability changed 
significantly as a result of EDC/NHS coupling, implying a relationship to reaction 
mechanisms during the substitution of functional groups. EDC/NHS coupling reduced the 
permeability from 133 LMH/bar to approximately 6 LMH/bar, presumably due to the effect 
of the amine functional groups (pKa 8~9) 151. The addition of amine groups to the carboxyl 
groups of PAA-PVDF membranes increases the overall pKa value from 3~4 for just the 
carboxyl groups to 8~9 for amine group causes changes in the negative charge density 
inside the membrane pore domain, resulting in reduced permeability of NHS-PAA-PVDF 
membranes. An increase in chain length of the functional groups on the membrane as a 
result of EDC/NHS coupling might have contributed to this strong reduction in 
permeability. The substitution of the NHS-O leaving group with thiol containing amine 
groups with pKa values similar to NHS groups increased the permeability of CysM-PAA-
PVDF membrane approximately three-fold to ~17 LMH/bar. This is likely caused by a 
decrease in the negative charge density in membrane pores. Adsorption of Ag+ and Hg2+ 
cations on thiol membranes increased the permeability of the membrane to 66 LMH/bar 
and 51 LMH/bar, respectively. This increase of permeability is presumably caused by 
charge neutralization in membrane pores through the adsorption of heavy metals. The 
theoretical capacity of the membranes to remove Hg2+ is approximately half of the capacity 
for the removal of Ag+ because the majority of Hg2+ ions are expected to attach to two thiol 
groups. The expected initial permeability during heavy metal adsorption should be close to 
the permeability of PAA-PVDF membrane. The adsorption of metals could cross-link with 




Figure 8.4 Permeability of PVDF membranes during various stages of functionalization. 
Average values and standard deviations are presented for different batches of membrane. 
The average mass gain of the membranes used is around 5~7%. The pH of the solution is 
adjusted in the range of 5.2~7. 
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8.4 Mercury Sorption Analysis on Thiol Functionalized Membranes 
Mercury capture in membranes functionalized with CysM through ion exchange 
(IE) is significantly affected by pH. The breakthrough of Hg through the membrane is 
observed at <50 L/m2 of treating a 162 ppb Hg(NO3)2 solution at pH 4.5. At pH 6.3, no 
significant breakthrough was observed during the 400 L/m2 experiment. The removal of 
mercury was 6.9 and 20.2% with respect to the feed solution at the end of the pH 4.5 and 
6.3 runs, respectively. The breakthrough curve in of the experiments are shown in Figure 
8.5. The poor breakthrough performance of the membrane functionalized with CysM 
through ion exchange at low pH may be caused by multiple mechanisms. The permeance 
increased during each experiment due to the decreasing pH within each experiment. This 
increase in permeance results less residence time in pore domain, ultimately causes less 
mercury sorption by thiol groups immobilized at the end of PAA chain. The high mercury 
capacity of the membrane functionalized with CysM through ion exchange (IE) was not 
achieved, possibly due to the low pH. A decrease in pH from 6.3 to 4.5 results 50% less 
CysM incorporation in PAA-PVDF membrane due to protonation of carboxylic groups 
present in the PAA. The concentration of Hg2+ in permeate fluctuated significantly due to 
pH responsiveness of PAA at pH 6.3 as demonstrated in Figure 8.5. Once pH of the 
membrane permeance was stabilized, the Hg2+ concentration did not increase with time as 
volume treated, as in the beginning. 
Mercury capture with membrane functionalized with CysM through EDC/NHS 
coupling achieved higher Hg2+ sorption than membranes functionalized by ion exchange 
(IE) route at lower pHs. Membrane functionalized by the EDC/NHS coupling, 
concentration of Hg2+ in permeate is also constant compared to the membrane prepared by 
ion exchange (IE), due to complete substitution to thiol groups of CysM from carboxylic 
acid group of PAA chain. This allowed a constant Hg2+ capture of 98.6% of the feed 
solution and prevents the dislodge of CysM due to variations in pH, which may occur with 
ion-exchange (IE) membranes and affect their sorption efficiencies. The variability of the 
Hg2+ capture by CysM immobilized by EDC/NHS coupling shown in Figure 8.5, could be 





Figure 8.5 Sorption of Hg2+ (solution volume per area of the membrane) by CysM-PAA-
PVDF membranes functionalized by ion exchange (IE) and EDC/NHS coupling. Operating 
pressure = 2.1 bar, Initial Hg concentration ~ 160 ppb. 
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8.4.1 Efficiency of Mercury Sorption on Thiol Functionalized Membranes 
The efficiency of Hg2+ sorption under mild conditions for all thiol functionalized 
membranes tested is shown in Figure 8.6. The diagonal line indicates the theoretical 
complete sorption of all Hg2+ passed through the membranes. The efficiencies of Hg 
capture by CysM functionalized membranes are 94.1±1.1 and 99.1±0.1% for ion exchange 
(IE) and by EDC/NHS coupling, respectively. The idea of pore functionalization is to 
functionalize the whole pore domain not only the pore wall. This leads to pass the fluid 
through the functionalized hydrogel when an external pressure is applied. This allows the 
permeate (in this case Hg water) to pass through the thiol functionalized polymer domain 
resulting high encounters with thiol groups to allow adsorption of heavy metals. This 
ultimately results high metal capture leading to high adsorption efficiency. However, 
sometimes pore channels results due to poor functionalization during fabrication of 
membrane. The sorption capacity of the EDC/NHS functionalized membrane is more 
stable than for the ion exchange (IE) functionalized membrane due to the covalent grafting 
of CysM that make the sorption sites more stable and reduce the probability of losing CysM 





Figure 8.6 Relationship between Hg passed through the membrane and Hg captured, in 
CysM-PAA-PVDF membranes functionalized by ion exchange (IE) and EDC/NHS 
coupling. Operating pressure = 2.1 bar. 
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8.4.2 Capacity Analysis for Mercury Sorption on Thiol Functionalized Membranes 
The measured Hg2+ sorption capacity is 1015 mg/g PAA for CysM immobilized 
PAA-PVDF membrane prepared by ion exchange (IE). On the other hand, the measured 
Hg2+ sorption capacity 2446 mg/g PAA for CysM immobilized PAA-PVDF membrane 
prepared by EDC/NHS chemistry. Based on this result, capacity of a membrane module 
has been assessed to treat wastewater. An 8040-commercial membrane module was used 
as a basis with a total surface area of 31.6 m2 (340 ft2) per module. Further considering an 
operating pressure of 2.0 bar, the calculation reveals, with a Hg2+ concentration of 1.0 mg/L 
in water, the potential volume of water could be treated are 212 and 512 m3/module by 
thiol functionalized membrane prepared by ion exchange and EDC/NHS chemistry. In 
Table 8.1 comparison of the adsorption capacity of thiol functionalized membrane with 
other commercial and reported materials is shown. However, the adsorption capacity of 
CysM immobilized PAA-PVDF membrane could be increased by incorporating more thiol 
groups in the membrane. This could be done by increasing the concentration of PAA and 
cross-linker (MBA) during initial in-situ polymerization of PVDF membrane but might 
result in a flux drop instead 100. 
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Table 8.1 Comparison of adsorption capacity of thiol functionalized membrane with other 
commercial and reported materials. 





CysM-PAA-PVDF Membrane (By 
Ion-Exchange) (with a functional 
layer thickness of 70 µm) 
Thiol  
96 g/L memb§ 
1015 mg/g PAA 
55 mg/g memb 
This Work 
2 
CysM-PAA-PVDF Membrane (By 
EDC/NHS Chemistry) (with a 
functional layer thickness of 70 
µm) 
Thiol  
232 g/L memb§ 
2446 mg/g PAA 




GT74 Chelating Resin  
 
Thiol  




Magnetic Porous Organic 
Polymers (MOP-SH) 
Thiol  703 mg/g Reference 124 
5 
Azo-linked Magnetic Porous 
Organic Polymers (AzoMOP-SH) 
Thiol  910 mg/g Reference 124 
6 
Thiol-/Thioether-Functionalized 
Porous Organic Polymers (POP-
SH/SMe) 
Thiol 180 mg/g Reference 125 
7 
Layered Double Hydroxide 




2− 500 mg/g Reference 127 
8 
Functionalized Porous Organic 
Polymer (POP-SH) 
Thiol 1216 mg/g Reference 128 
9 Molybdenum Disulphide (MoS2) Sulfide 2506 mg/g  Reference 121 
10 
Single Walled Carbon Nanotube 
(SWCNT-SH) 
Thiol 131 mg/g Reference 129 
11 
Sulfur/Reduced GO nanohybrid 
(SRGO) 




Thiol 380 mg/g Reference 130 
§ memb = Membrane 
* This value was calculated based on the bulk density (784 g/L) of the product given in 
product data sheet 
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CHAPTER 9. STUDY OF THE CYSTEAMINE FUNCTIONALIZED MEMBRANE TO 
REMOVE HEAVY METALS FROM INDUSTRIAL WASTEWATER, EFFECT 
OF PRESENCE OF OTHER CATIONS AND MATHEMATICAL MODELING OF 
THE MEMBRANE 
9.1 Overview 
This study demonstrates a sustainable three-step process consisting of primary pre-
filtration followed by ultrafiltration (UF) and adsorption with thiol functionalized 
microfiltration membranes (thiol membranes) to effectively remove mercury sulphide 
nanoparticles (HgS NP) and dissolved mercury (Hg2+) from wastewater. Thiol membranes 
were synthesized by incorporating either cysteine (Cys) or cysteamine (CysM) precursors 
onto polyacrylic acid (PAA) functionalized polyvinylidene fluoride (PVDF) membranes. 
Carbodiimide chemistry was used to crosslink thiol (-SH) groups on membranes for metal 
adsorption. The thiol membranes and intermediates of the synthesis were tested for 
permeability and long-term mercury removal using synthetic waters and industrial 
wastewater spiked with HgS NPs and a Hg2+ salt. Results show that treatment of the spiked 
wastewater with a UF membrane removed HgS NPs to below the method detection level 
(MDL) (<2 ppb) for up to 12.5 hours of operation. Flux reductions that occurred during the 
experiment were reversable by washing with water, suggesting negligible permanent 
fouling. Dissolved Hg2+ species were removed to non-detect levels by passing the UF 
treated wastewater through a CysM thiol membrane. The adsorption efficiency in this long-
term study (>20 hours) was approximately 97%. Addition of Ca2+ cations reduced the 
adsorption efficiencies to 82% for the CysM membrane and to 40% for Cys membrane. 
The inferior performance of Cys membranes may be explained by the presence of a 
carboxyl (-COOH) functional group in Cys, which may interfere in the adsorption process 
in the presence of multiple cations because of multi cation absorption. CysM membranes 
may therefore be more effective for treatment of wastewater than Cys membranes. Focus 
Ion Beam (FIB) characterization of a CysM membrane cross-section demonstrates that the 
adsorption of heavy metals is not limited to the membrane surface but takes place across 
the entire pore length. Experimental results for adsorptions of selected heavy metals on 
thiol membranes over a wide range of operating conditions finally predicted by developing 
a mathematical model. Sections 9.2 to 9.10 are submitted as manuscript as Islam et al. 
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9.2 Process Description and Primary Filtration of Industrial Wastewater 
Mercury removal from wastewater may be very different than removal from 
synthetic waters (i.e., aqueous solutions generated in the laboratory by adding chemicals 
to tap, deionized, or distilled water), in part because of the presence of dissolved mercury 
species and other dissolved salts or gases, HgS NPs and other solids, or dissolved or free 
phase organic materials, which can significantly impact the adsorption performance of the 
treatment process 131. The wastewater composition may depend on the source of the water, 
e.g., sediment, surface water, ground water, or industrial wastewater, which could also alter 
the adsorption performance. 
Long term operation for heavy metal adsorption can also affect the overall 
performance of the treatment process. The effectiveness of a water treatment process in 
general, or heavy metal removal from wastewater in particular, is usually determined by a 
site-specific treatability study. The industrial wastewater used for this study, which was 
collected from a US industrial site based in California described in Table 9.1, contained 
particulate Hg (HgS NPs), other particulate matter, dissolved Hg2+, and a variety of 
dissolved salts. However, the HgS and Hg2+ quantities varied from stream to stream and 
with time. The wastewater was spiked with an additional 200 ppb of HgS (average 
hydrodynamic diameter 20~30 nm by DLS) and 110 ppb Hg2+ (added as Hg(NO3)2·xH2O 
(x = 1−2)) for adsorption experiments using thiol functionalized membranes, which was 
needed to allow for quantitative measurements of removal efficiencies. The resulting total 
HgS NP and dissolved Hg2+ was approximately 200 ppb and 110 ppb, respectively. The 
suspension of HgS nanoparticls (NPs) (1 ppm) was received on January 25, 2018 from Dr. 
Gregory V. Lowry (Carnegie Mellon University, Pittsburgh, PA). 
A process that effectively removes both HgS NP and dissolved mercury species 
from wastewater and is robust enough for long-term treatment requires multiple processing 
steps. Based on the quality of the industrial wastewater we propose a three steps treatment 
process, consisting of pre-filtration followed by ultrafiltration and membrane adsorption. 
The proposed treatment process is depicted in Figure 9.1. The first step consists of pre-
filtration with a PVDF 700 microfiltration (MF) membrane to remove large particulates 
that could potentially foul or damage membranes in the second and third steps. The second 
step consistst of ultrafiltration (UF) to remove HgS NPs through size exclusion. Any 
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carryover of HgS NPs will adversely affect the removal of Hg2+ and membrane flux in the 
third step. The third step uses a thiol membrane to adsorb dissolved Hg2+ species. The three 
steps are needed because carry through of particulates can cause significant flux reductions 
by fouling of membrane surfaces, and clogging of membrane pores. The initial flux and 
changes in flux over time for the primary filtration step were measured using De-Ionized 
Ultra-Filtered (DIUF) water and industrial wastewater. 
The flux data as well as images of the membrane and wastewater before and after 
the primary filtration step are provided in Figure 9.2 to show changes in membrane and 
wastewater condition. The flux was consistent at a value around 600 LMH (L·m-2·hr-1) at 
atmospheric pressure and membrane condition after initial treatement shows removal of 
most of the particulates. 
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Table 9.1 Constituents of industrial wastewater as tested. 
 
  
Name of the Compound Amount (ppm) Method Used 
As HgS 80% HgS NPs ≤ 20 ~ 30 nm DLS 
As Hg2+ 
0.001 to 0.050  
Mercury Analyzer and 
ICP-OES 
As Na ~357 ICP-OES 
As Mg 25 ~ 26 ICP-OES 
As Ca 52 ICP-OES 
As K ~ 17 ICP-OES 
TOC 0 ~ 4 TOC Analyzer 
TDS < 2000  TDS Meter 




Figure 9.1 Proposed treatment process for removal of mercury (HgS Nanoparticles, 
dissolved Hg2+) from wastewater. The values of the concentration of HgS and Hg2+ in this 
graphic is just to represent arbitrary concentration. Depending on the source of wastewater 


















Figure 9.2 (a) Flux profile for DIUF and wastewater using PVDF membrane for initial 
filtration to remove particulates. Effective membrane surface area is 65.03 cm2. (b) Images 






9.3 Removal of HgS Nanoparticles by Ultrafiltration (UF) Membrane 
The feed water quality can significantly affect the separation of HgS NPs in the 
presence of different cations (such as Na+, Ca2+, or Mg2+) and organic matter 131. The high 
removal of HgS can be adversely affected due to changes in the electrostatic repulsion 
between particles caused by the presence of other cations which will have impact on overall 
ionic strength of feed water 205-207. In addition, the presence of dissolved organic matter 
could affect the colloidal properties of HgS NPs 208. This will eventually cause fouling of 
the membrane and affect the overall performance of the treatment process. Thus, in order 
to separate HgS NPs, a size exclusion process should be considered based on the size of 
NPs that will have zero permeation of the HgS NPs, is less susceptible to fouling and high 
processing capacity in a single pass and is durable for long term operation. Based on these 
attributes, a commercially available polysulfone ultrafiltration (UF) membrane (PS35) was 
selected to separate HgS NPs from wastewater. The specification of the UF membrane is 
summarized in Table 9.2. After primary filtration, the spiked wastewater containing both 
HgS and Hg2+ was passed through the PS35 UF membrane at 2.72 bar in dead-end mode 
in order separate HgS particles. The overall performance of this filtration step in terms of 
DIUF water flux, spiked wastewater flux, removal of HgS NPs, fouling, and recovery of 
flux is demonstrated in Figure 9.3. The flux for DIUF water shown in Figure 9.3a indicates 
that the initial flux was approximately 1400 LMH at 2.72 bar and declined steadily to 
approximately 600 LMH after 55 minutes of operation, during which 1000 mL of DIUF 
was passed through the filter. 
The long-term flux behaviour of wastewater was measured by passing 10 individual 
batches of 100 ml spiked wastewater to a total of 1000 ml, which took approximately 750 
minutes (12.5 hours). The flux data are depicted in Figure 9.3b. The initial flux of 
approximately 350 LMH at 2.72 bar declined rapidly to approximately 100 LMH during 
the first three batches of wastewater, after which the decline was relatively minor to a final 
flux around 35 LMH at the end of the experiment. Flux recovery was observed at the 
beginning of each new batch of spiked wastewater added to dead-end cell, indicated by 
peaks in Figure 9.3b. The accumulation of the HgS NPs and other particulates on top of 
the membrane surface are primarily responsible for the observed flux drop. The observed 
flux recovery after each batch of spiked wastewater may be caused by a small amount of 
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back flow caused by changes in pressure differentials between changeouts of the batches, 
resulting in (partial) removal of particulates from the membrane pores. Subsequent 
washing of the surface of the membrane with DIUF water resulted in full flux recovery 
(blue line in Figure 9.3b), suggesting that membrane fouling under these conditions can 
be reversed. The distribution profile of the HgS NPs in feed and permeate is depicted in 
Error! Reference source not found.9.3c, showing no detectable particles in the permeate by D
ynamic Light Scattering (DLS). Atomic adsorption measurements confirm removal of 200 
ppb HgS NP based on the difference between total mercury concentrations of the MF and 
UF permeates. This observation also suggests that no significant amount of dissolved 
mercury species, including organic complexes, were removed by either MF or UF 
membranes. The membrane was not significantly fouled as evident from flux recovery 
data. The visual inspection of UF membrane before and after washing with DIUF water, 
depicted in Figure 9.3d, supports the observation that passing wastewater through the UF 
membrane did not result in permanent fouling during this experiment. The calculated 
removal rate for 200 ppb HgS NPs using a PS35 UF membrane for this experiment is 
approximately 12 mg·m-2·hr-1. 
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Table 9.2 Detail data of Ultrafiltration membrane used for HgS nanoparticle separation. 
Manufacturer  Nanostone 
Types of membrane Ultrafiltration 
Membrane reference PS35 
MWCO 20 kDa 
pH process limits 2 - 10 






Figure 9.3 Flux profile for a PS35 ultrafiltration (UF) membrane by dead end mode 
operation measured at 2.72 bar using (a) DIUF water and, (b) wastewater (pH ~7) spiked 
with HgS NPs and Hg2+ and pre-treated by MF. Total ~1000 mL of DIUF and wastewater 
was passed through a membrane in convective flow mode. Effective membrane surface 
area utilized is 13.2 cm2. (c) Particle size distribution of HgS NPs in feed and permeate 
measured by DLS, (d) Images of UF membrane fouling by visual observation of PS35 UF 
membranes, showing the color of the membrane before use, after passing spiked 
wastewater, and after cleaning with DIUF water. Initial concentration of HgS NPs in 
wastewater is approximately 200 ppb. 
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9.4 Removal of Dissolved Hg2+ by CysM-PAA-PVDF Membrane and Long-Term 
Performance Study 
A thiol membrane was used to adsorb dissolved Hg2+ after removal of HgS NPs 
and other particles from wastewater by a UF membrane. The efficacy of thiol membranes 
to adsorb heavy metals from synthetic water has been established in previous study by this 
group 101. The source of wastewater, concentration of dissolved Hg2+, and water quality 
parameters (e.g., pH, types of other cations present) can have a strong impact on the 
membrane adsorption efficiency 131. The hydrolysis or complexation of Hg2+ cations could 
also affect the adsorption process, as Hg2+ hydrolyzes readily in a wide range of pH to form 
a variety of complexes with organic and inorganic ligands 209-210. Long-term operation for 
removing Hg2+ by CysM-PAA-PVDF membranes will also affect the adsorption 
efficiency. The long-term adsorption performance of a CysM-PAA-PVDF membrane to 
remove Hg2+ from UF filtered wastewater is depicted in Figure 9.4. The flux pattern during 
sorption of Hg2+ by a thiol membrane is also shown in Figure 9.4. Approximately 1700 
mL of wastewater was processed by the membrane for a period of 1250 minutes (20.8 hrs) 
at 2.72 bar. The wastewater flux reduced eight-fold to approximately 25 LMH during the 
course of the experiment. Several factors may have caused or contributed to this flux 
reduction. Adsorption of Hg2+ cations may have led to a reduction in the accessibility of 
free thiol groups in the membrane pore domain. Hg2+ cations attached to surface thiol 
groups may also have cross-linked with existing functionalized polymer, resulting in a 
reduction of pore channel sizes or complete blockage of pores. In addition, the presence of 
other cations such as Na+, Ca2+, Mg2+, which are present at concentrations orders of 
magnitude higher than Hg2+ but that have a lower affinity to thiols, may have participated 
in the adsorption, leading to a drop in effluent flux over time. No visible fouling of the 
CysM-PAA-PVDF membrane occurred during treatment of the UF filtered wastewater. 
However, washing of the membrane with DIUF after the completion of the experiment 
helped to recover the flux to a value of 50 LMH at 2.72 bar, shown in red squares in Figure 
9.4. The remaining dissolved Hg2+ cations concentration in permeate is shown on the 
secondary (right) y-axis in Figure 9.4. The remaining dissolved Hg2+ cation concentration 
in wastewater is in the range of 3~4 ppb which is close to the EPA guideline for mercury 
in drinking water 211. Adding a second CysM-PAA-PVDF membrane in series may remove 
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additional Hg2+ cations from permeate, potentially to significantly below EPA drinking 
water specifications. The adsorption efficiency in this long-term study is around 97%, as 
depicted in Figure 9.5, confirming the effectiveness of CysM-PAA-PVDF membranes for 





Figure 9.4 Long term Hg2+ adsorption study on CysM-PAA-PVDF membrane. A total of 
~1700 mL spiked wastewater was passed through the membrane in convective flow mode 
at 2.72 bar. Initial concentration of Hg2+ was approximately 110 ppb. Membrane Surface 
area was 13.2 cm2. The test pressure is 2.72 bar. Flux pattern of spiked wastewater and flux 
recovery after adsorption study are shown on the primary (left) y-axis and the remaining 
dissolved Hg2+ concentration in permeate is shown on the secondary (right) y-axis during 





Figure 9.5 Long term Hg2+ adsorption performance (efficiency) of the CysM-PAA-PVDF 
membrane. A total of ~1700 mL spiked wastewater was passed through the membrane in 
convective flow mode at 2.72 bar. Initial concentration of Hg2+ was approximately 110 
ppb. Membrane Surface area was 13.2 cm2. The test pressure is 2.72 bar. 
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9.5 Adsorption-Desorption Study of Ag+ and Hg2+ Cations on PAA-PVDF 
Membrane 
 Adsorption-desorption of heavy metals (Ag+ and Hg2+) on a PAA-PVDF membrane 
is also studied. The PAA-PVDF membrane could adsorb heavy metal ions (Ag+ and Hg2+) 
from water as it has carboxylic groups (-COOH) at the end of the polymer chain. The heavy 
metal ions (Ag+ and Hg2+) can hydrolyze in wide range of pH and enable to attach with 
carboxylic groups (-COOH) by replacing H+ in a suitable pH 209. However, this attachment 
is not permanent and by passing a low pH solution through the membrane it could be easily 
desorbed from the PAA chain of PAA-PVDF membrane. The adsorption-desorption 
profile is shown for silver (Figure 9.6) and mercury (Figure 9.7). The results confirm it is 
possible to attach and dislodge heavy metals in PAA chain of PAA-PVDF membrane. 
However, this PAA-PVDF membrane is not suitable for industrial application as if pH 
changes the heavy metals can easily detached from the PAA chain. It is worth to mention 
that, not all the Ag+ and Hg2+ cations attached in the PAA chain is not desorbed and a small 
fraction is permanently remain in the polymeric chain. These results support the hypothesis 
that the metal adsorption mechanism by thiol membranes involves covalent bonds, which 





Figure 9.6 The adsorption and desorption profile of Ag+ cations on PAA-PVDF 
membrane. Membrane mass gain is 3.99%, water flux = 38.38 LMH at 2.04 bar, water pH 
= 5.2, flux during Ag+ cations adsorption is 37.92 LMH at 2.04 bar. Ag+ solution pH = 
4.75. The initial concentration of Ag+ solution is around 20 ppm. The flux during Ag+ 
cations desorption is 45.6 LMH at 2.04 bar. Desorption solution pH =3.1. The effective 
membrane surface area is 13.2 cm2. The cation solution is passed in convective flow mode 





Figure 9.7 The adsorption and desorption profile of Hg2+ cations PAA-PVDF membrane. 
Membrane mass gain is 3.16%, water flux = 18.18 LMH at 2.72 bar, water pH = 5.1, flux 
during Hg2+ cations adsorption is 12.86 LMH at 2.72 bar. Hg2+ solution pH = 4.7. The 
initial concentration of Hg2+ solution is around 400 ppb. The flux during Hg2+ cations 
desorption is 21.6 LMH at 2.04 bar. Desorption solution pH =2.9. The effective membrane 
surface area is 13.2 cm2. The cation solution is passed in convective flow mode across the 
membrane. Mercury (II) nitrate hydrate (Hg(NO3)2·xH2O, x= 1-2) salts were used to 
prepare the cationic solution. 
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9.6 Adsorption Efficiency of Heavy Metals on Thiol Membrane 
 The adsorption efficiency of heavy metals on thiol membrane is further studied in 
detail. Here, adsorption efficiency is defined by number of thiol (-SH) groups are attached 
during convective flow of the permeate. In a simpler way it is the cations remain in the 
permeate divided by the cations in the feed times hundred. Once the PAA-PVDF 
membrane is functionalized with thiol (-SH) groups it can adsorb heavy metals from water. 
However, not all the thiol groups attached to the membrane will be exposed to adsorb heavy 
metals from water. The complex geometry of the membrane pores, small channeling to by-
pass the attached thiol groups, inherited defects of the membrane pore structure, residence 
time and fouling with time are the key factors to hinder all the attached thiol groups to 
capture heavy metals from the solution. In order to study the adsorption efficiency of the 
heavy metals on thiol functionalized membranes, a CysM-PAA-PVDF membrane is 
exposed to capture heavy metals from water. Here, Ag+ cations are used as a model 
compound and Ag+ molar attachment to thiol groups is always 1 to 1. The synthetic water 
is used to avoid interference of adsorption of other cations and fouling. The result of the 
adsorption efficiency is shown in Figure 9.8. 
 The study was conducted for 820 minutes (approximately13.5 hours) by passing 
around 650 mL Ag+ cation solution to make the experiment more pragmatic. During the 
whole experiment the solution permeability is kept constant to a value around 8 LMH/bar. 
The permeability is kept low to allow more residence time for adsorption of Ag+ cations. 
In the first cycle, the calculated adsorption efficiency is around 77% while passing only 
190 mL Ag+ cation solution for 235 minutes (3.9 hours). However, the adsorption 
efficiency dropped to 48% during second cycle when another 190 mL Ag+ cation solution 
passed for 310 minutes (5.16 Hours). For the next two cycles (third and fourth) the 
adsorption efficiency is almost constant to around 35% on average. The third cycle runs 
for for 231 minutes (3.85 hours) while passing 136 mL of Ag+ cation solution and fourth 
cycle runs for 241.5 minutes (4 hours) passing 138 mL of solution. Though, it is expected 
the adsorption efficiency should be 100%, however, the factors mentioned earlier of this 
discussion play a pivotal role to reduce the heavy metal capture efficiency, deviating from 
the model membrane performance. It is worth to mention here that at initial stage, pore 
channeling plays a significant role on adsorption efficiency, but in later stage, less 
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accessibility to thiol (-SH) groups on pore vicinity and fouling eventually dominates the 
adsorption efficiency. This study confirms that removal of all dissolved heavy metal 
cations is not a realistic expectation for any industrial application. Pore channeling, reduced 
accessibility to thiol groups on pore vicinity, and fouling from wastewater constituents 





Figure 9.8 The adsorption efficiency trend to capture Ag+ cations on CysM-PAA-PVDF 
membrane. The membrane mass gain was 9.79%. Effective membrane surface area is 13.2 
cm2.The ICP-OES analysis of feed, permeate and retentate samples were used to do mass 
balance in order to calculate Ag+ cations capture. Total experiment time was 820 minutes. 
Silver nitrate (AgNO3) salt is used to prepare the cationic solution. The Ag
+ cation solution 
pH ~ 5.8 to 6.8. For, first cycle (red line), solution passed = 186 mL, time of operation = 
235 minutes, Ag+ cation concentration in feed = 10 ppm, for second cycle (blue line), 
solution passed = 186 mL, time of operation = 310 minutes, Ag+ cation concentration in 
feed = 30 ppm, for third cycle (green line), solution passed = 136 mL, time of operation = 
231 minutes, Ag+ cation concentration in feed = 30 ppm,, for fourth cycle (pink line), 
solution passed = 138 mL, time of operation = 241.5 minutes Ag+ cation concentration in 
feed = 20 ppm. 
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9.7 Effect of Presence Ca2+ Cations in Wastewater on Hg2+ Adsorption by Thiol 
Functionalized Membranes 
Due to preferential cation adsorption, the presence of relatively high concentrations 
of common cations such as Na+, Ca2+, Mg2+ in wastewater could reduce the sorption 
efficiency for soft Lewis acids with a strong affinity to thiols, specifically Ag+ and Hg2+ 
131, 209. The presence of dissolved salts in wastewater results in a specific in ionic strength, 
which causes multi cationic adsorption 131. The impact of Ca2+ cations on the adsorption of 
Hg2+ efficiency of Cys and CysM thiol membranes was evaluated using synthetic water 
containing Ca2+ and Hg2+ salts and with wastewater spiked with Ca2+ and Hg2+. Results are 
depicted in Figure 9.9. 
In this study, Ca2+ was chosen due to its presecne in sample wastewater (see Table 
9.1) and its location in activity series compare to Ag+ and Hg2+ cations 209. Initially, an 
adsorption-desorption study of Ca2+ cations on Cys-PAA-PVDF and CysM-PAA-PVDF 
membranes was conducted. The results of adsorption-desorption of Ca2+ cations using thiol 
membranes (Cys/CysM-PAA-PVDF) are shown in Figure 9.9a. A 30 ppm of Ca2+ solution 
was prepared using CaCl2 salt with DIUF water (synthetic water). The resulting pH was 
approximately 5.8. This solution was passed through a membrane by convective flow at 1 
bar, followed by a low pH (~ 2.5) solution to desorb the Ca2+ cations. The results, depicted 
in Figure 9.9a, confirm that the majority of Ca2+ was leached out of both membranes 
during the desorption study. The same sets of membranes were subsequently used to treat 
wastewater containing approximately 50 ppb Hg2+ and 70 ppm Ca2+ cations. The Ca2+ 
adsorption profile for these wastewater sample is shown in Figure 9.9b, indicating that the 
CysM membranes adsorbed approximately 8% more Ca2+ than the Cys membrane. Figure 
9.9c depicts the adsorption profile of Hg2+ from synthetic water that contained 150 ppb of 
Hg2+ (prepared by dissolving Hg(NO3)2·xH2O (x= 1-2) salt in DIUF water). The adsorption 
efficiency is similar (~98%) for both Cys-PAA-PVDF and CysM-PAA-PVDF membranes. 
In contrast to the result of Figure 9.9c, the adsorption of Hg2+ cations has significant affect 
with the presence of Ca2+ cations in wastewater shown in Figure 9.9d. For CysM 
functionalized membranes the presence of Ca2+ reduces Hg2+ adsorption from 97.64% to 
82% because both cations were adsorbed to the membrane. In comparison, for Cys 
functionalized membranes the adsorption dropped from 98% to 40%. This is due to all thiol 
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groups attached using Cys on membrane pore domain has an additional carboxyl group in 
functional chain. The Ca2+ cations have a high affinity in the charge domain of membrane 
pores to carboxy group and hinder the covalent association of Hg2+ cations to thiol groups, 
as demonstrated in Figure 9.9d. In literature the use of Cys and its derivatives to adsorb 
Hg2+ shows a very common trend to use due to most of the adsorption results demonstrated 
based on synthetic water application 25, 107, 116. The presence of other cations could result 
in reduced adsorption of heavy metals such as Ag+ and Hg2+ wastewater. In this context, 
CysM might be the preferred alternative for heavy metal adsorption due to its high 





Figure 9.9 Effect of the presence of Ca2+ cations in synthetic and wastewater on Hg2+ 
adsorption by thiol membranes (Cys/CysM-PAA-PVDF). (a) Adsorption and desoprtion 
profile of Ca2+ in thiol membranes from synthetic water with an initial Ca2+ concentration 
around 30 ppm, (b) Adsorption profile of Ca2+ from the wastewater with the addition of 
Hg2+, and Ca2+ ions are to make a total feed concentration of approximately 50 ppb Hg2+ 
and 70 ppm Ca2+ , (c) Adsorption of Hg2+ by thiol membranes from synthetic water with 
an initial Hg2+ concentration of ~ 150 ppb, (d) Adsorption profile of Hg2+ from spiked 
wastewater in presene of Ca2+ cations for both thiol membranes. Initial concenteration of 
Hg2+ ~ 50 ppb. The spiked wastewater pH was around 6.5 ~ 7. The mass gain of all the 
membranes used for this study was in the range of 5 ~ 8%. 
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9.8 Mercury Adsorption Analysis on CysM-PAA-PVDF Membrane by XPS 
The analysis of the XPS spectrum back-up the adsorption of heavy metals 
(Ag+/Hg2+) on thiol (-SH) functionalized PAA-PVDF membrane. Both survey scan and 
high-resolution scan were conducted for XPS analysis. The Beta angles (degrees from 
vertical) of the XPS instrument was as following: monochromator (crystal) 60o, ion gun 
58o, flood gun 58o and height adjust microscope 45o, respectively. No tilt was used. The 
step size was 1 eV and 0.1 eV for survey and high-resolution scan. The pass energy was 
200 eV and 50 eV for survey and high-resolution scan. XPS spectra were calibrated (charge 
correction) to a C1s peak value of 284.8 eV. The XPS survey scan after adsorption of Hg2+ 
on CysM-PAA-PVDF membrane is demonstrated in Figure 9.10a showing the presence 
of Hg and S peaks over the top surface of the membrane. In addition of Hg and S peaks, 
the other observed peaks are for the elements C, N, O and F. The characteristic peaks of all 
the elements (Hg, S, C, N, O and F) are identified by comparing to the available literature 
data 100-101, 124, 212-213. The leftmost peak identified in Figure 9.10 around 100 eV is 
representing the Hg4f. The appearance of this peak is due to the binding of Hg with S of 
thiol (-SH) group yielding HgS. This is basically doublet peaks at binding energies of 101 
and 106 eV which could be attributed to Hg 4f7/2 and Hg 4f5/2, shown separately in Figure 
9.10b 101, 124, 212. The next peak around binding energy of 164 eV could be assigned to R-
SH binding or to presence of sulfur (S2p) from thiol (-SH) groups 124, 212. Further observed 
peak around binding energy of 225 eV could be assigned to S2s peak as in this region the 
expected peak is for Molybdenum (Mo3d). However, in the examined sample there is no 
scope of presence of Molybdenum. However, it is worth to mention that S2s region 
strongly overlaps with Mo3d, when sulfur is present as sulfate. The next peak around 
binding energy of 286 eV is attributed to C1s peak 100, 213. This is due to the presence of 
carbon in PVDF membrane, as well as, for the functionalization with AA and cross-linker 
MBA during incorporation of carboxylic (-COOH) groups in membrane. The N1s peak at 
binding energy of 400 eV is for N as amide (-NH2) in cross-linker MBA100, 213. The O1s 
peak at binding energy of 532 eV is due to the presence of O in carboxyl groups (-COOH) 
100, 213. The final identified peak at binding energy of 689 eV is for F1s 100. This peak 




Figure 9.10 The XPS spectrum of CysM-PAA-PVDF membrane after sorption of Hg2+ 
from industrial effluent water. (a) The survey scan is showing the presence of elements Hg, 
S, C, N, O and F (from left to right), (b) The high-resolution scan shows elemental Hg 
confirmed by doublet peaks (Hg4f7 and Hg4f5). 
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9.9 Characterization of Depth Profile of Thiol Functionalized Membrane After 
Heavy Metal Capture 
In order to confirm that the adsorption of Ag+ and Hg2+ on CysM-PAA-PVDF 
membrane occurs across the pore depth and not only on surface of the membrane, the cross-
section of the membrane was characterized by FIB, depicted in Figure 9.11. The cross-
section of the membrane was milled using the FIB instrument using the technique 
mentioned elsewhere 35. This method of characterization allows for precise slices with 
smooth surfaces for characterization inside the membrane pores. Only adsorption of Ag+ 
on CysM-PAA-PVDF membrane was characterized to avoid contamination of the FIB 
sample chamber by Hg2+ adsorbed membranes. In Figure 9.11a, the whole cross-section 
of the sample membrane is visible, which is milled along with r- and z-direction. In Figure 
9.11b, the atomic ratio of Ag to F at different depths in z-direction of the membrane 
demonstrates a relatively even adsorption of Ag+ cations across the entire cross-section (i. 
e. the whole pore) of the membrane. The distribution of atomic C, F, S and Ag in the milled 
area is shown in Figure 9.11c. This observation is consistent with literature describing 
membranes for other applications 180, 214. The coexistence of Ag and S in the same location 
of the membrane cross-section, shown in Figure 9.11c, suggests reaction of thiol groups 
to Ag in a 1 to 1 molar ratio (shown Ag in red and S in green). Another distinct observation 
is that S and Ag are concentrated on the circumferences of pore mouths. This suggests that 
the pores are not blocked due to thiol functionalization using CysM, but that thiol 
functionalization take place across the pore walls of PAA-PVDF membrane. The line scan 
data of F and Ag atomic percentage in r-direction at a distance of 53 µm from the membrane 
top surface, as shown in Figure 9.11d, suggests a homogenous distribution ratio of F and 
Ag. The EDX scanning results for the top surface of CysM-PAA-PVDF membrane after 
adsorption of Ag+ cations from synthetic water is depicted in Figure 9.12 and summarized 
in Table 9.3. This detail characterization of cross-section of CysM-PAA-PVDF membrane 
by FIB demonstrates that the adsorption of heavy metals is not only a surface phenomenon 





Figure 9.11 Characterization of the cross-section of CysM-PAA-PVDF membrane by FIB 
instrument to assess the elemental composition after adsorption of Ag as a model 
compound. The FIB was used to prepare the entire cross-section (~120 µm) with an ion 
beam (2.5~6 nm) ensuring minimum damage of the sample. (a) The sample of whole 
membrane cross-section, the smooth area in the center was removed by FIB, the elemental 
composition is assessed in both z- and r-direction, (b) The Ag to F atomic ratio in different 
depth of the membrane confirming almost even adsorption of Ag+ cations across the whole 
cross-section (i. e. the whole pore) of the membrane. The F is used as a standard as it is 
homogeneously distributed in PVDF membrane, (c) The distribution profile of atomic C, 
F, Ag and S in a depth of around 53 µm from the top surface is demonstrated. The Ag (red) 
and S (green) are almost evenly distributed confirming all the thiol (-SH) sites are utilized, 
(d)The line scan data of F and Ag atomic percentage in r-direction at a distance of 53 µm 


























Figure 9.12 (a) The SEM image of CysM-PAA-PVDF membrane after adsorption of Ag+ 
cations from the solution by convective flow mode, (b) the EDX analysis shows the 
presence of Ag on the surface of CysM-PAA-PVDF membrane along with C, F, O and S. 
The inset picture is also showing the atomic percentage of C, F, O, S and Ag. The 





Table 9.3 Summary of the EDX scanning results for the top surface of CysM-PAA-PVDF 
membrane after adsorption of Ag+ cations from the water. The membrane mass gain was 
4.49%. The feed concentration of Ag+ cation solution was around 90 ppm was passed 
through the membrane in convective flow mode. The solution pH was around 4.8-5.3. The 
solution was prepared by using AgNO3 salt. The atomic composition of Carbon (C), 
fluorine (F), oxygen (O), sulfur (S), and silver (Ag) were measured in different locations 
of the membrane sample during EDX analysis. 
Location C (At%) F (At%) O (At%) S (At%) Ag (At%) 
1 67.87 21.42 10.49 0.15 0.07 
2 66.53 22.63 10.56 0.19 0.10 
3 66.54 19.89 13.20 0.24 0.13 
Average 66.98 21.31 11.42 0.19 0.10 
Standard 
Deviation 




9.10 Mathematical Model to Predict Break-through Profile for Adsorption of Heavy 
metals on Thiol Functionalized Membrane 
 For industrial application, a membrane model with similar attributes of thiol 
membrane used for experimental study can be used to predict heavy metal adsorption 
breakthrough profiles to evaluate the life span of the operation. A well-defined model can 
assist with optimizing the wastewater flux, adjust concentration profile, calculate life span 
of membrane, and predict performance efficiency of adsorption. In this regard, a thiol 
membrane was modeled to predict the adsorption profile of heavy metal cations in the 
membrane. From the experimental study the adsorption is linear with time, and the 
membrane model can be considered a one-dimensional unsteady state problem where the 
adsorption is taking place only in the direction of pore length 24, 215. In order to obtain a 
realistic model of the adsorption to match the experimental results, an Ag+ cation 
adsorption study was conducted because it attaches with thiols groups in 1:1 molar ratio. 
The membrane model can be described in terms of three different phases: i) inert polymer 
phase (ØPVDF), ii) thiol functionalized phase (ØSH-PAA), and iii) aqueous Ag
+ cation solution 
phase occupying part of the free volume fraction of the membrane (Øfree space). The 
schematic of the model membrane is shown in Figure 9.13 as a combination of the three 
phases. 
The following terminology is used for the model: 
Øpore= Pore volume fraction; 
ØPVDF = PVDF volume fraction; 
Øpore= Øfree space + ØSH-PAA … … … … 𝐄𝐐 (9.1) 
Here, Øpore + ØPVDF = 1 … … … … 𝐄𝐐 (9.2) 
C′ = Concentration of Ag+ in liquid phase (moles of Ag+/m3 of liquid); 
q′ = concentration of silver in SH-PAA layer (moles of Ag+/m3 of SH-PAA layer); 
qeq =maximum concentration of silver in PAA-SH layer for C′ (moles of Ag
+/m3 of 
SH-PAA layer); 
JW =membrane water flux (m/s); 
t′= time (s); 




Figure 9.13 Schematic representation of the cross-section of the CysM-PAA-PVDF 
membrane for mathematical modelling. 
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All quantities used in model are initially expressed in SI units. The quantities are 
subsequently converted to suitable units for comparison and discussion of the experimental 
and predicted results. The partial differential equations (PDE) governing linear adsorption 
are described by equation 9.3 and equation 9.4 215. Equation 9.3 is a mass balance of Ag+ 
on the liquid phase and equation 9.4 is the mass balance of Ag+ on stationary phase (SH-
PAA). This is a modification of our previously published model for mixed matrix 
membrane containing thiol functionalized silica particles 24. 







+ (1 − Ø𝑃𝑉𝐷𝐹 − Ø𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 )
𝜕𝑞′
𝜕𝑡′
= 0 …. … … … 𝐄𝐐 (9.3) 
A mass balance of Ag+ in the stationary phase (SH-PAA) will consequently derive 
𝜕𝑞′
𝜕𝑡′
= 𝐾(𝑞𝑒𝑞 − 𝑞
′) …. … … … 𝐄𝐐 (9.4) 
Where, K is the mass transfer coefficient of Ag+ into the stationary phase (SH-PAA). The 
initial boundary conditions are: 
C′ (0, t′) = C0,  q′ (z′, 0) = 0,   C′ (z′, 0) = 0 
For this system the axial diffusion can be neglected as compared to axial convection. To 
solve equation (9.3) and (9.4) the following linear relationship between qeq and C′ is 
assumed: 
q′eq= γC′ …. … … … 𝐄𝐐 (9.5) 
Here, γ = silver-thiol affinity constant. In this model, γ is a function of pore density of thiol 
groups 24. Substituting equation (9.5) into equation (9.4) generates: 
𝜕𝑞′
𝜕𝑡′
= 𝐾(γ𝐶′ − 𝑞′) …. … … … 𝐄𝐐 (9.6) 




  𝑞 =
𝑞′
𝑞∞
  𝑧 =
𝑧′
𝐿
  𝑡 =
𝑡′
𝑇𝑆
  Where, 
C0 = inlet feed concentration of Ag
+ (mol of Ag+/m3); 
q∞ = maximum Ag
+ capture (mol of Ag/m3 of SH-PAA); 
L = membrane thickness (m); 
TS = time at which break-through of Ag
+ adsorption was observed, and experiment 
was terminated (s). 
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The break-through for Ag+ adsorption can vary depending on the thickness of the thiol 
functionalized layer on membrane, the concentration of the heavy metal solution, and the 
residence time. 
The final dimensionless system of initial PDE (Equations 9.3 and 9.4) consists of 

























) …. … … … 𝐄𝐐 (8) 
COMSOL Multiphysics 5.4 software platform was used to solve equations 9.7 and 9.8. 
Multiphysics convection-diffusion transient state analysis was applied to the one-
dimensional domain 215. The model parameters are mostly obtained from the experimental 
study and are as follows: 
C0 = feed of Ag
+ cation concentration = 0.85 mol/m3 (~90 ppm); 
L = 120×10-6 m (120 µm) (membrane thickness along with backing material 
measured by FIB instrument); 
JW = 6.93×10
-5 m/s (~250 LMH); 
Øpore = 0.52 (based on membrane data sheet); 
ØPAA-SH = 0.35 and γ = 5021. 
Both ØSH-PAA and γ are calculated based on a previous study 24, 100. In equation 9.7 an 
artificial diffusion term is added to get a stable numerical solution. A diffusivity value of 
1.80×10-9 m2/s for AgNO3 was used for calculations based on the reported literature data 
216. The only unknown parameter remaining was the volumetric mass transfer coefficient 
(K), which was used as an adjustable parameter to match the predicted data with 
experimental data. Mass transfer coefficients for packed columns (gas-liquid) typically 
range between 0.005 and 0.02 s-1 217. A K value of 0.0058 s-1 is therefore well-fitted in the 
range 24. The predicted and experimental breakthrough curves are shown in Figure 9.14. 
The breakthrough of Ag+ cation adsorption on membranes appears around the same elapsed 
time (~38 minutes) of operation for both predicted and experimental studies. However, for 
our experimental study, pore channeling, lower accessibility to thiol groups on pore 
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vicinity, and fouling limits the adsorption efficiency to ~80%. The rational agreement 
between predicted and experimental data in this study anticipates that the membrane model 
is helpful to predict experimental results over a wide range of operating conditions and 
parameters like thiol loading in terms of membrane mass gain, wastewater flux, heavy 
metal adsorption capacity, wastewater metal concentration and membrane thickness. More 





Figure 9.14 Comparison of experimental and predicted data for breakthrough profile for 
Ag+ cations adsorption on thiol membrane. Here Ag used as a model compound. 
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CHAPTER 10. HOLLOW (FE AND PD-FE) NANOPARTICLES CHARACTERIZATION AND 
APPLICATION TOWARDS DEGRADATION OF CHLORINATED ORGANIC 
COMPOUNDS 
10.1 Overview 
 This chapter discusses the detail characterization and preliminary application 
towards degradation of chlorinated compounds using in-house synthesized hollow 
nanoparticles (NPs). Hollow NPs are a unique class in the functional materials and get 
attention due to their thin shell, inner void space and, doubled surface area 218-219. These 
hollow and porous NPs have potential applications is the area of drug delivery, controlled 
release of drugs, catalysis, artificial cells, chemical storage, lightweight fillers, adsorptive 
materials, and chemical sensors 220-222. Two types of hollow NPs were prepared. Fe and 
Pd-Fe. Details characterization of the prepared samples were conducted by XRD, BET, 
DLS, TEM, SEM and FIB. Initial study reveals this fabricate Fe hollow spheres have 2.6 
times higher surface area and 4.28 times pore volume compare to commercial Fe catalyst. 
The average size of the Fe hollow NPs is in the size range of 100 to 1200 µm. However, 
the DLS measurement reveals 30% of the hollow NPs are in 100 nm size. However, some 
bigger hollow spheres are also formed in the range of 500 nm to 1.2 µm, which helped to 
characterize the particles with TEM, SEM and FIB by cutting the cross-section of the 
spheres. The shell thickness is in the range of 20 to 40 nm. Finally, these prepared Fe, Pd-
Fe hollow NPs are used towards degradation of chlorinated organic compounds. Initial 
investigation reveals that these prepared hollow NPs can completed degrade 
polychlorinated biphenyl (PCB-1) with an 74% recovery of biphenyl within 20 minutes 
anticipating future potential for water remediation application. 
10.2 Characterization of Hollow Fe Nanoparticles 
 All the prepared hollow NPs are characterized by XRD, BET, DLS, TEM, SEM 
and FIB instrument to understand the morphology, structure, size, shape and formation of 
the nanoparticles. 
10.2.1 XRD, BET Surface Analysis and DLS Measurements for Hollow Nanoparticles 
The XRD pattern of Fe hollow spheres before (red color) and after calcination (blue 
color) is shown in Figure 10.1. The patter indicates high crystalline form of iron oxide NPs 
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due to the iron precursor used and due to calcination. Sharp, strong, and well-resolved 
diffraction peaks reveal the phase purity and crystalline structure of as-prepared 
nanomaterial which are consistent with reported literatures 137, 223-224. Existing peaks 
become more intense after calcination at 550oC for 4 hours. Additional Fe2O3 [104] peak 
pops up after calcination. 
 Brunauer-Emmett-Teller (BET) surface area, Barrett-Joyner-Halenda (BJH) 
average pore diameter, and pore size distribution were measured using nitrogen adsorption 
at -196°C with a Micromeritics TriStar 300 instrument. Particles were degassed at 140°C 
for three hours with flowing ultra-high purity (UHP) Nitrogen gas prior to analysis. 
Nitrogen adsorption isotherms as measured are shown in Figure 10.2. The calcined hollow 
Fe NPs, commercial Fe catalyst and uncalcined hollow Fe NPs are depicted blue, green 
and red color as shown in Figure 10.2. For all, type III isotherms are observed. High 
hysteresis loop in hollow Fe NPs suggests nonuniform size of hollow spaces. This is due 
to different sizes of hollow NPs formation during calcination stage. For uncalcined hollow 
Fe NPs there is no nitrogen adsorption-desorption observed. Figure 10.3 shows pore 
distribution of calcined hollow Fe NPs depicted in blue color. Here, calcined hollow Fe 
demonstrates bimodal peak. The first peak around 3 nm is probably due to the intraparticle 
distances and the second broad peak around 20 nm is the hollow passage throw the core 
shell of the spherical wall. For commercial catalyst a single peak around 2 nm is observed 
which is for intraparticle distances as shown in green color in Figure 10.3. No pore was 
observed before calcination of hollow Fe NPs as shown in red color in Figure 10.3. The 
measured BET surface area and BJH pore volume for calcined hollow Fe NPs, commercial 
Fe catalyst and uncalcined hollow Fe are tabulated in Table 10.1. Hollow Fe NPs has BET 
surface area of 79.4 m2/g, which is 2.5 times higher than commercial Fe catalyst with a 
BET surface area of 31.1 m2/g. Calcination of Fe NPs increases the surface area 58.8 times 
BJH pore volume for hollow Fe NPs and commercial Fe catalyst is 0.403 and 0.094 cm3/g, 
which is 4.28 times higher, suggesting huge hollow area inside the core shell wall of Fe 
NPs. 
 Figure 10.4 shows the size distribution of Fe NPs dissolved in methanol. The 
prepared Fe NPs are well dispersed in methanol, ethanol and water. The distribution in 
Figure 10.4 is 20 times dilution of original samples revealing 30% of the hollow Fe NPs 
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are in 100 nm size. The measurement was conducted with in half, 10 times and 20 times 
dilution. Both in 10- and 20-times dilution the average particle diameter was observed 





Figure 10.1 XRD pattern of hollow iron oxide nanoparticles before (red) and after 
calcination (blue). Existing peaks become more intense after calcination. Additional Fe2O3 





Figure 10.2 Nitrogen adsorption-desorption isotherms of calcined hollow Fe NPs (blue), 






Figure 10.3 Pore distribution of calcined hollow Fe NPs (blue), commercial Fe catalyst 
(green) and uncalcined hollow Fe NPs (red) measured by BET surface analyzer. 
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Table 10.1 Comparison of BET surface area, pore volume and pore diameter of hollow 
and commercial Fe Catalysts. 
Sample BET Surface Area 
(m2/g) 





Calcined Hollow Fe 79.4 0.403 20 
Uncalcined Fe 1.35 0.003 - 






Figure 10.4 Nanoparticles size was measured by dissolving hollow Fe NPs in methanol by 
DLS instrument. The solution was 20 times. 
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10.2.2 TEM, SEM and FIB Analysis for Hollow Nanoparticles 
 Hollow spherical structure of Fe NPs is confirmed by TEM characterization. 
Figure 10.5 shows the TEM and HR-TEM images of the synthesized hollow Fe NPs 
structures as typical representatives from two different locations of copper grid. The low-
resolution TEM image Figure 10.5 (a, b, e, f) further suggest homogeneous sized spherical 
nature of the synthesized Fe NPs. The difference in the contrast in the corresponding 
magnified TEM images shown in Figure 10.5 (a, b, e, f) confirmed the formation of hollow 
spherical nanostructures with a shell thickness of 20 to 40 nm. A representative high-
resolution transmission electron microscopy (HR-TEM) images of the Fe NPs 
nanostructures are shown Figure 10.5 d, h. These images suggest the sheets to be very thin 
and composed of 3 to 4 stacked iron oxide layers. These results also match with the reported 
literatures where different metals were used to prepare hollow structured materials 133, 137, 
139, 144. Figure 10.6 a, b shows EDS analysis in two different locations confirming 
formation of Fe-oxide NPs. The SAED diffraction pattern in location 1 (Figure 10.6a) of 
Fe hollow NPs is shown in Figure 10.6c. Multiple diffraction rings representing phases of 
oxides of hollow Fe NPs. EDS line scanning profile across the thin shell of hollow Fe NPs 
is shown in Figure 10.7a. The red arrow is showing the direction of line scanning. EDS 
profile across the path of line scanning in STEM mode is shown in Figure 10.7b. The 
corresponding presence of Fe and O in relative ratio across the line of scanning in STEM 
mode is shown in Figure 10.7c. 
 Figure 10.8 shows the corresponding SEM images of the synthesized Fe NPs 
obtained by FIB instrument. The SEM images of the as Fe NPs indicates the formation of 
spheres with a size range of 500 nm to 1.3 mm as well as with rough surfaces. From Figure 
10.8a the pores are clearly visible on the surface of the sphere shell. In the broken part of 
the synthesized spheres, the presence of solid material in the inner part confirmed that the 
synthesized spheres were solid, and the thickness of outer coat was observed to be 20 to 40 
nm. The empty interior in some of the partially broken spheres, which are clearly noticeable 
in Figure 10.8b, confirmed the hollow nature of the calcined Fe spheres. Figure 10.9 
shows the FIB images of a single Fe hollow nanoparticle. The particle is being sputter 
coated with platinum before cutting from front and back as clear from images. The images 
are representing the progress of cutting with time. After completion of cutting from both 
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sides the ring shape of thin shell of Fe NP is clearly visible confirming the structural 





Figure 10.5 TEM and HR-TEM images of hollow Fe NPs in two different locations. 
Location 1 (top row), location 2 (bottom row). (a) 5K magnification, scale 0.2 µm, (b) 10K 
magnification, scale 0.1 µm, (c) 50K magnification, scale 20 nm, (d) 500K magnification, 
scale 2 nm, (e) 4K magnification, scale 0.2 µm, (f) 8K magnification, scale 0.1 µm, (g) 





Figure 10.6 EDS analysis and the SAED diffraction pattern of Fe hollow NPs. (a) EDS 
analysis in location 1 (Figure 10.5d), (b) EDS analysis in location 1(Figure 10.5h), (c) 
SAED diffraction pattern of Fe hollow NPs in location 1 (Figure 10.5d). Multiple 






Figure 10.7 (a) EDS line scanning profile across the thin shell of hollow Fe NPs. The red 
arrow is showing the direction of line scanning. The image is taken at 400K magnification 
and the scale is 20 nm, (b) EDS profile across the path of line scanning in STEM mode, 





Figure 10.8 SEM images of hollow Fe nanoparticles. (a) single hollow NP, (b) clustered 





Figure 10.9 FIB images of a single Fe hollow nanoparticle. The particle is being sputter 
coated with platinum. Then the nanoparticle is chopped from front and back as clear from 
images. Here, images in a, b, c, d, e, f, g, h, i, j, k and l are representing the progress of 
cutting with time. After completion of cutting from both sides the ring shape of thin shell 
of Fe NP is clearly visible. 
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10.3 Degradation of PCB-1 using Hollow Nanoparticles 
 The synthesized Fe and Pd-Fe hollow NPs are then investigated for the application 
of degradation of chlorinated organic compounds using the same protocol used earlier by 
our research group 35, 39, 100. Prior to that we have investigated the role of individual NPs 
(Fe, Pd), combined NPs (Pd-Fe) and PAA hydrogel towards the degradation of chlorinated 
organic compounds discussed in the following section. For degradation study 
polychlorinated biphenyl (PCB-1) used as a model compound. 
10.3.1 Effect of Fe, Pd, Pd-Fe and Hydrogel towards Degradation of PCB-1 
 PCB-1 degradation study results using Fe, Pd, Pd-Fe nanoparticles and PAA 
hydrogel is shown in Figure 10.10. The objective of this study is to verify the effect of 
individual and synergistic effect of Fe and Pd NPs. PAA hydrogel is also included as it is 
the backbone of PVDF membrane functionalization before incorporating nanoparticles. 
The results verify there is no catalytic effect to degrade PCB-1 by lone Fe, Pd NPs. 
However, all most 90% of PCB-1 degraded to biphenyl with a recovery of 66% of the 
yield. Interestingly, the PAA hydrogel adsorbed PCB-1 with the course of time span. 
Primary results revealed around 2 ppm of [PCB-1]/[gm of PAA hydrogel] was adsorbed in 
120 minutes resulting 50% reduction of the initial concentration of PCB-1. 
10.3.2 Application of Hollow Nanoparticles towards PCB-1 Degradation 
 Initial investigation reveals both Fe and Pd-Fe hollow NPs have potential for the 
application towards degradation of chlorinated organic compounds. However, for Fe NPs 
Pd NPs are incorporated for degradation study. Figure 10.11 shows primary results of 
PDB-1 degradation study by Pd-Fe hollow NPs. Complete degradation of PCB-1 within 
20 minutes of reaction time with 74% of yield of biphenyl. High surface area enables faster 
degradation of the chlorinated compounds. Further study requires to calculate the rate of 
degradation and estimate surface area normalized reaction rate. In addition, these hollow 
NPs could have other potential application such as adsorption of dyes and other cations 





Figure 10.10 Time dependent PCB-1 degradation studies for Fe, Pd, Pd-Fe nanoparticles 
and PAA hydrogel. Fe NPs concentration ~ 1000 ppm, Pd NPs concentration ~ 150 ppm, 
Biphenyl produced only from Pd-Fe NPs batch studies. For PAA hydrogel around 2 g of 





Figure 10.11 Batch phase PCB-1 degradation study using hollow bimetallic Pd-Fe 
Nanoparticles. Initial concentration of PCB-1 ~ 8 ppm, Pd Content = 3~5% of Fe, Reaction 
time = 20 minutes, Temperature = 22~23oC. 
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CHAPTER 11. CONCLUSION 
11.1 Overview 
In this dissertation, three different pore functionalization approaches of 
microfiltration membranes for the application of chloro-organic remediation to heavy 
metal sorption was evaluated. PVDF microfiltration membrane was initially functionalized 
with polyacrylic acid (PAA) polymer to incorporate carboxylic acid (-COOH) group in 
membrane pores. This PAA functionalized PVDF membrane was then investigated for 
three different pore functionalization approaches for water treatment application. 
Primarily, i) as a catalytic reactor bed by incorporation of bimetallic (Pd-Fe) nanoparticles 
for the remediation of chlorinated organic compounds (COCs); then, ii) as a bio reactor by 
incorporation of enzymes by layer-by-layer (LBL) assembly towards degradation of 
polychloro-organics; and, iii) as adsorption bed by incorporation of thiol (-SH) 
functionalized group in PVDF membranes for heavy metal sorption from water. Finally, a 
new kind of hollow (Fe and Pd-Fe) nanoparticles are synthesized for the application 
towards degradation of chlorinated organic compounds (COC) specifically PCB-1 was 
assessed. 
11.2 Specific Accomplishments 
Nanoparticle incorporated PAA-PVDF membrane as a catalytic reactor bed (Chapter 4 and 
Chapter 5): 
▪ Demonstrated the effect of monomer and cross-linker concentration during the 
functionalization of pH responsive membrane on mass gain, water permeability, 
Pd-Fe NPs loading, and the degradation of PCB 126 quantitatively. 
▪ The results obtained during this study confirm quantitative tuning of the responsive 
behavior of membrane in terms of water permeability, NPs size, metal loading and 
rate of PCB 126 degradation by varying monomer and cross-linker concentration. 
▪ Statistical analysis of interaction between inputs (monomer, cross-linker) and 
response variables (mass gain, permeability ratio) show that statistically significant 
interaction exists between monomer and cross-linker concentration. 
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▪ Details of Pd-Fe-PAA-PVDF membranes surface and pores as well as size, shape 
and size-distribution of Pd-Fe nanoparticles have been established by using 
different characterization tools such as TGA, contact angle measurement, surface 
zeta potential, XRD, SEM, XPS, FIB, TEM and other methodologies. 
▪ Degradation study in convective flow mode through Pd-Fe-PAA-PVDF membrane 
platform shows 98.6% PCB 126 is degraded at a residence time of 46.2 seconds. 
Based on surface normalized reaction rate data for PCB 126 dechlorination, a 
convective flow through mode reveals a much faster degradation due to overcoming 
the mass transfer limitation, suggesting practical application for water remediation 
application. 
Enzyme Immobilized PAA-PVDF membrane as a bio reactor (Chapter 6 and Chapter 7): 
▪ Fabrication of PVDF microfiltration membranes as platforms for laccase 
immobilization is demonstrated. Laccase was successfully immobilized on the 
membrane using the established layer-by-layer assembly method. Although layer-
by-layer assembly technique is known and used in various studies of enzyme 
immobilization, to our best of knowledge, this is the first ever study of laccase 
immobilized membrane showing application under convective flow mode. 
▪ The membrane-bound laccase displayed comparable activity to that of free solution 
phase laccase, as indicated by the Michaelis-Menten parameters. This is mainly 
because there is no physical bond formation or breaking involved other than short 
range /non-covalent interactions or ionic interactions. In this respect we anticipate 
the kcat of the immobilized laccase to be comparable to that of free laccase. The 
higher apparent Michaelis constant, KM, for the immobilized membrane can be 
accounted for by restricted access of substrate to the active sites of the immobilized 
enzymes by slowed diffusion. However, slight conformational changes of the 
enzyme during immobilization and possibility of hindrance offered by the 
polyelectrolytes to the substrate can’t be ruled out. 
▪ The laccase immobilized membrane was used to remove 2,4,6-trichlorophenol 
(TCP), resulting in more than 80% degradation at a favorable flow rate of 2 LMH 
under a lower applied pressure of only 0.7 bar. This data suggests that unlike batch 
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mode reaction, convective flow method can lead to degradation of ~80% of TCP in 
a residence time of only 36 s-1. Combination of HPLC, LC-MS and UV-Visible 
spectroscopic analysis demonstrated dichloro-1,4-benzoquinone to be the major 
degraded product of TCP. 
▪ The impressive performance of the laccase functionalized membrane along with 
the improved storage stability and the reusability for the oxidation of 
chloroorganics, indicate its potential for industrial applications in the field of 
wastewater bioremediation. 
▪ Fabrication of multi-enzyme immobilized PVDF microfiltration membranes is 
demonstrated. The functionalized membranes were used for oxidative degradation 
of the lignin model compound GGE. 
▪ Multi-enzyme immobilized membranes, engineered through layer-by-layer 
assembly method, were capable of breaking main chain linkage in lignin type 
molecules. Preliminary investigation revealed over 90% of initial GGE degradation 
with the multienzyme immobilized membranes under optimum flow rate. A 
combination of HPLC, LC-MS analysis on GGE conversion product confirmed 
formation of oligomeric oxidation products with peroxidase which acts as substrate 
for the laccase enzyme. The oligomeric units were further degraded by laccase, 
explaining the potential of multienzyme membrane reactors. This study opens 
perspectives for further evolution of multienzyme membrane reactor systems and 
indicate its potential for industrial applications in the field of biodegradation of 
renewables. 
Thiol incorporated PAA-PVDF membrane as heavy metal adsorption bed (Chapter 8 and 
Chapter 9): 
▪ Demonstrated the incorporation of thiol groups (using both cysteamine, CysM, and 
cysteine, Cys) in PAA functionalized PVDF microfiltration membrane by ion-
exchange and EDC/NHS coupling route. 
▪ This thiol functionalized PAA-PVDF membrane has high adsorption capacity to 
remove mercury from water. The mercury adsorption capacity of CysM 
immobilized PAA-PVDF membrane is of 1015 mg/g PAA and 2446 mg/g PAA 
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respectively, for the membranes prepared by the IE and the EDC/NHS coupling 
methods. 
▪ With the mentioned capacity, a commercial membrane module with a surface area 
of 31.6 m2 could theoretically treat approximately 512 m3 of industrial wastewater 
with a 1 mg/L of dissolved mercury. 
▪ The efficiencies of Hg removal are 94.1±1.1 and 99.1±0.1% respectively, for the 
CysM immobilized membranes prepared by the IE and the EDC/NHS coupling 
methods. 
▪ Demonstrated treatment of industrial wastewater containing mercury with 
commercially available ultrafiltration (UF) membrane in combination with in-
house fabricated thiol membranes can remove HgS NPs and adsorb dissolved Hg2+ 
from wastewaters. 
▪ Over 12 hours of continuous operation shows consistent removal of ~200 ppb HgS 
NPs from wastewater by UF membrane filtration. While membrane fouling 
occurred, it was demonstrated that a water wash could recovery the flux. Dissolved 
Hg2+ from UF filtered wastewater was effectively removed by a CysM-PAA-PVDF 
membrane. 
▪ Long-term (1250 minutes) treatment of wastewater with an adsorption efficiency 
of 97% suggesting in-house functionalized membrane is well suited for sustainable 
mercury removal applications. 
▪ The presence Ca2+ cations reduced the adsorption efficiency to 82% for CysM-
PAA-PVDF membrane and to 40% for Cys-PAA-PVDF membranes, suggesting 
that CysM thiol membranes will be superior for removal of mercury from 
wastewater compared to Cys thiol membranes. 
▪ Characterization of cross-section of CysM-PAA-PVDF membrane by FIB 
confirmed that the adsorption takes place across the entire pore length and is not 
limited to the membrane surface. 
▪ Finally, mathematical modeling of heavy metal adsorption on thiol membranes was 
effective in predicting experimental results over a wide range of operating 
conditions, suggesting a high potential for commercialization. 
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Synthesis of hollow nanoparticles for the application towards degradation of chlorinated 
organic compounds (Chapter 10) 
▪ Synthesis, characterization and preliminary application towards degradation of 
chlorinated compounds using in-house synthesized hollow nanoparticles (NPs) was 
demonstrated by preparing two types (Fe and Pd-Fe) of hollow NPs were prepared. 
▪ Details characterization of the prepared samples were conducted by XRD, BET, 
DLS, TEM, SEM and FIB. Initial study reveals this fabricate Fe hollow spheres 
have 2.6 times higher surface area and 4.28 times pore volume compare to 
commercial Fe catalyst. The average size of the Fe hollow NPs is in the size range 
of 100 to 1200 µm. However, the DLS measurement reveals 30% of the hollow 
NPs are in 100 nm size. However, some bigger hollow spheres are also formed in 
the range of 500 nm to 1.2 µm, which helped to characterize the particles with TEM, 
SEM and FIB by cutting the cross-section of the spheres. The shell thickness is in 
the range of 20 to 40 nm. 
▪ Finally, these prepared Fe, Pd-Fe hollow NPs are used towards degradation of 
chlorinated organic compounds. Initial investigation reveals that these prepared 
hollow NPs can completely degrade polychlorinated biphenyl (PCB-1) with an 
74% recovery of biphenyl within 20 minutes anticipating future potential for water 
remediation application. 
11.3 Key Advances in Science and Engineering 
▪ Different pore functionalization approaches for microfiltration membranes (in-situ 
synthesis of catalytic nanoparticle, enzyme immobilization and incorporation of 
amine and thiol groups) for chloro-organic remediation to metal sorption was 
demonstrated. 
▪ Role of pore polymerization condition for polyacrylic acid functionalized 
microfiltration membranes to tune pH responsive behavior and to control size of 
in-situ catalytic metal nanoparticle synthesis was quantified. 
▪ Synthesis of solid, hollow and membrane bound Pd-Fe nanoparticles was 
demonstrated for the application towards degradation of PCB. 
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▪ Immobilization of enzymes by layer-by-layer assembly in functionalized 
microfiltration membranes revealed faster degradation of chloro-organics and 
lignin model compound in convective flow mode. 
▪ Demonstrated long-term heavy metal sorption from industrial wastewater by thiol 
functionalized microfiltration membrane. 
▪ Effect of the presence of interfering cations during removal of heavy metals from 






MWCO Molecular weight cut-off 
MF  Microfiltration 
UF  Ultrafiltration 
NF  Nanofiltration 
RO  Reverse Osmosis 
Q  Flux 
D  Diffusivity 
S  Sorption coefficient 
M  Molecular mass 
µ  viscosity 
CMS  Carbon molecular sieves 
CNT  Carbon nano tubes 
AAO  Anodized aluminum oxide 
GO  Graphene oxide 
MOF  Metal organic framework 
CNM  Carbon nanomembrane 
NATM Nanoporous atomically thin membrane 
PVDF  Polyvinylidiene fluoride 
PAA  Poly acrylic acid 
PAH  Poly(allylamine-hydrochloride) 
PLL  Poly (L-lysine hydrochloride) 
PSU  Polysulfone 
PES  Polyether Sulfone 
PAN  Polyacrylonitrile  
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PE  Polyethylene 
PP  Polypropylene 
PVC  Polyvinyl Chloride 
CA  Cellulose Acetate 
PA  Polyamide  
PMAA  Poly(methacrylic acid) 
COCs  Chlorinated organic compounds 
nZVI  Nano scale zero valent iron 
NPs  Nanoparticles 
TCP  2,4,6-trichlorophenol 
LBL  layer-by-layer 
HRP  Horseradish peroxidase 
GO  Glucose oxidase 
GGE  Guaiacylglycerol-β-guaiacylether 
IE  Ion-exchange 
EDC   Ethyl(dimethylaminopropyl) carbodiimide 
NHS  N-Hydroxysuccinimide 
Cys  Cysteine (C3H7NO2S) 




M  Monomer 
X  Cross-linker 
PCB 126 3,3',4,4',5-pentachlorobiphenyl 
MBA  N, N′- methylenebis (acrylamide) 





KPS  Potassium persulfate 
DIUF  Deionized ultrafiltered 
A  Permeability 
ABTS  2,2´-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid)-diammonium salt 
GO  Glucose oxidase 
εmax  Extinction coefficients 
KM   Michaelis constant 




Ø  Porosity 
Amin  Permeability at pH 4 
Amax  Permeability at pH 8.5 
Amin/Amax  Responsiveness factor/ Permeability ratio 




Kobs   Observed batch reaction rate 
Ksa  Surface area normalized reaction rate 
R  Reaction rate (mol·L-1·hr-1) 
t   Reaction time, (hr) 
C   Concentration of PCB 126 (mol·L-1) at reaction time, t (hr) 
ρm   Nanoparticle loading density (g·L
-1) 
as  Specific surface area of Pd-Fe NPs immobilized in membrane (m
2·g-1) 
𝑅   Pore size of the functionalized membrane 
𝑢0  Velocity at center of the pore 
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𝑢(𝑟)  Velocity at radius r 
Z  Membrane thickness 
𝐶̅  Mean concentration at certain axial distance z 
(𝜏)  Residence time 




(kcat/ KM) Catalytic efficiency 




Øpore  Membrane pore volume fraction 
ØPVDF  PVDF volume fraction 
Øfree space Free volume fraction of the membrane 
C′  Concentration of Ag+ in liquid phase (moles of Ag+/m3) 
q′  Concentration of Ag+ in SH-PAA layer (moles of Ag+/m3) 
qeq  Maximum concentration of Ag
+ in PAA-SH layer for C′ (moles of 
Ag+/m3) 
JW  Membrane water flux (m/s) 
t′  Time (s) 
z′  Distance down the membrane thickness (m) 
K  Mass transfer coefficient of Ag+ into the stationary phase (SH-PAA) 
γ  Silver-thiol affinity constant 
C0  Inlet feed concentration of Ag
+ (mol of Ag+/m3) 
q∞  Maximum Ag
+ capture (mol of Ag/m3 of SH-PAA) 
L  Membrane thickness (m) 
TS  Time at which break-through of Ag
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